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FOREWORD 


rue launching of the first Sputnik in October 1957 marked one of the 
greatest scientific and technological achievements of man. By 
providing astronomers and physicists with a means of carrying their 
instruments away from our earthbound environment it opened a new 
epoch in scientific investigations. The regions of interplanetary space 
with their complex of particles and radiations can now be studied 
directly and soon we can look forward to aequiring more intimate 
knowledge of the nearer planets. 


The earth satellite and the space probe represent the climax of the 
great developments in technique for the exploration of the solar 
system which have occurred during the last decade. Improved 
astronomical techniques, rockets and radio astronomy have already 
increased our knowledge of our immediate environment in space to 
an extent which would have been unimaginable a few years ago. The 
vast accumulation of new data needs new openings for publication on 
an international scale. This new journal Planetary and Space 
Science will help to fulfil this need, by providing a medium for the 
publication of original work on the upper regions of the earth’s 
atmosphere, the planets, interplanetary space and all related problems. 


A. C. B. LOVELL 
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your 


which I have 


Hulst 


THe Committee on Space Research (COSPAR) 
Scientific 
Assembly. 6 October 
held meeting in London on 
November 1958, as guests of the Roval 
Society The following Charter was ad ypted 
“The purpose of COSPAR is to further on 
an international scale the progress of all kinds 
yut 


set up by the International Council 


Uni its General 
1958 


14 


ms at 


its first 


14 


of scientific investigation which are carried 


with the use of rockets or rocket-propelled 
vehicles. COSPAR shall be concerned with 
fundamental research. It will not normally 


concern itself with such technological problems 
as propulsion, construction of rockets, guidance 
and control 


“These objectives shall be achieved through 
the maximum developments of space research 
programs by the international community of 
scientists working through the ICSU and its 
adhering national academies and unions 
Recognizing the need for international regu- 
lation and discussion of certain aspects of 
satellite and space probe programs, the Com- 
mittee shall keep itself fully informed on United 
Nations or other international activities in this 
field, in order to assure that maximum 
advantage is accorded international space 


science research through such regulations, and 
to make recommendations relative to matters 
of planning and regulation that may effect the 
optimum program of scientific research 
“COSPAR shall report to ICSU those 
measures needed in the future to achieve the 
participation in international programs of space 
research of all countries of the world with those 
which are already actively engaged in research 
programs W ithin the domain of ( OSPAR” 
The composition of the Committee is as 
follows 
\ 


countri 


from each of the 
are actually launching 
and from those 


(a) representative 


which 
itellites. 


eartl also 


conducting fundamental researches using 
rockets 


COSPAR 


ittention the following Notice 


concerning the International 
President, Professor H. ( 
M. GREENBERG 


received from its 


(b) Three representatives, designated on an 
agreed system of rotation, from among 
countries actively participating in track- 
ing and other aspects of space research: 

(c) One representative each from the follow- 
ing Unions: LAU, I1UGG, IUPAC, URSI. 
IUPAP, TUBS, IUTAM, TUPS and IUB 


The composition of the Executive Com- 

mittee elected at the meeting is 

President: Professor H. C. van de Hulst 
Leiden, Netherlands (1Al 

Vice-Presidents: Professor |} K. Fedorov 
Moscow, U.S.S._.R 
Professor W. A. Noves, Jr., Rochester. 
New York, U.S.A 

Members: Professor Maurice Roy. Chatillon 


sous Bagneux, France (IUTAM) 

Professor H. S. W. Massey, London, Eng- 

land (IUPAP) 

A Secretariat has been established and may 
be addressed c/o ICSU Secretariat, Paleis 
Noordeinde, The Hague, Netherlands 

Both the charter and the membership show 
that COSPAR its domain intends 
serve science in the broadest sense of the word 
hree of the Unions represented (those of the 
Biological Sciences, of the Physiological 
Sciences, and of Biochemistry) have connection 
with biological problems. The Charter further 
makes clear that COSPAR is not an agency 
that will initiate independent investigations in 
space research, nor a kind of governing body 
that has to approve whatever researches take 
place. Its main aim is to maintain the spirit 
of scientific co-operation that has been so fully 
displayed in a number of fields closely related 
to space research and to provide the meeting 


within to 


place for scientific initiatives from various 
sides. In order to fulfil its task COSPAR will 
form three working groups on “Tracking 
and transmission of scientific information”, 
“Scientific experiments’, and “Data and 


publications” 


Committee on Space Research, 
nde 
an 
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Abstract 


1216 A) emission amounting to 10-? erg cm 


(Received 2 October 1958) 


Rocket measurements have shown that the night sky is aglow with a diffuse Lyman-z 


sec from the entire hemisphere. The glow 


1s So bright that celestial sources of Lyman-z could not be detected through it. At wavelengths 


1300 A discrete celestial sources were 


fr 


1. ROCKET MEASUREMENTS 


Since the beginning of upper air research with 
rockets, astrophysical measurements have been 
confined almost exclusively to solar spectro- 
scopy. In view of the success achieved in 
ultraviolet and X-ray 
ith photon counters we were encour- 
for these radiations from 
celestial objects in the night sky. The sun is a 
comparatively weak star. Early blue-white 
much hotter than the sun that 
maximum brightness ought to occur in the far 
\ simple rocket experiment was 
attempted in November 1955 to determine the 
ility of obtaining a map of stellar magni- 
lengths of Lyman-2 and the 


the sun’s 


wed to search 
efare Tre so 
ultra 


possi! 


tudes 


adiacent ultraviolet near 1300 A. The observed 
fluxes re unexpectedly high and saturated 
the photon counters after they had penetrated 
only a few kilometers into the D-region. From 
that experiment it was possible to conclude that 
the n mponent of night-time ultraviolet 


fell within a wavelength band of 1050 A to 


125 A including the Lyman-< wavelength 
(1216 A) and a lower limit of 3:-4=10~* erg 
vas assigned as the flux’. At 
wavelengths between 1225 A and 1350 A 
discret stial sources were detected 

Wit! irly results as a guide, a much 
more elaborate experiment’ was carried out on 
%®% March 1957 with NRL Aerobee 31. The 
rocket was launched at 21.56 MST and reached 
"© Pres he Fifth CSAGI Assembly, Moscow, 


July-9 August 


hee 
observed 


om the entire sky in the wavelength interval 1225-1350 A. 


which contributed 10-* erg cm~*sec~! 


an altitude of 146 km. The ultraviolet tele- 
scopes consisted of bundles of hypodermic 
tubings through which the sky could be viewed 
over an angular field of 3° by sensitive photon 
counters. With less sensitive detectors, such as 
ionization chambers, wider collimators were 
used providing fields as broad as 0:3 sterad. 
[he detectors were mounted with their colli- 
meters looking outward in directions normal to 
the rocket’s long axis. A spatial scan of the 
sky was produced by the combined spin and 
yaw motions of the rocket. The rocket behaved 
in almost fashion, approximating an 
arrow trajectory with horizontal attitude near 
the peak of the flight and rolling with a period 
of 16 sec. A broad scan of the sky was there- 
fore obtained 


ideal 


2. DISCRETE CELESTIAL SOURCES AT 1300 A 


Numerous sources were observed in the 
1225 A to 1350 A region. The determination 
of the direction of view of each detector at each 
instant of flight is an exceedingly tedious job. 
It involves fitting together in a self-consistent 
manner the star signals from visible light photo- 
meters and positions of the visible airglow 
horizons. The end product of this analysis is 
a solution of the problem with an 
xccuracy of 1°, permitting the construction of 
a map of the ultraviolet sky near 1300 A with 
a resolution of 3 The brightest single source 
was the Orion complex which 
delivered about 2 10-° erg cm~* per sec at 
the top of the atmosphere. 


aspect 


observed 


J | 
| 
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3. LYMAN-*% FROM THE NIGHT SKY 


The detectors whose bandwidth included the 
Lyman-—2 line showed a very different picture 
of the sky. At an altitude of 75 km an intense 
diffused over the entire sky, seen 
the rocket. At 85 km, an additional 
source became evident, originating in the atmos- 
phere below the rocket Both fluxes increased 
up to 120 km and then remained constant to 
the peak of the flight, 146 km. Both the 
atmospheric and extra-terrestrial sources of 
radiation have been identified with the Lyman 
emission of hydrogen. Furthermore, this radi- 
ation appears to be of solar origin; the flux 
from outside the atmosphere is scattered by 


glow, was 


above 


— 
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detector collimated to view a field of 16° half- 
width. The center of the plot is the zenith 
The minimum contour occurs in the anti-solar 
direction, i.e. looking directly away from the 
sun. This is a plot of the raw data and the 
effect of the unsubtracted 1300 A radiation from 
Orion and the galactic plane can be seen in the 
West. From the presence of the minimum in 
the anti-solar direction we can conclude that the 
source of this radiation its the sun 


4. INTERPLANETARY AND ATMOSPHERIC 
HYDROGEN 


That the influx of Lyman-z is scattered to 
the night side of the earth by neutral hydrogen 


NORTH 


1R0° SOUTH 


UNITS 


Fig. 1 


Lyman 2 directional intensity contours when the detector looked at the 


upper hemisphere. These data were obtained from the portion of the flight above 


130 km and are uncorrected for the 1225 to 1350 A discrete sources. The smallest 
intensity contour circle contains the anti-solar direction 


atomic hydrogen in space; the flux from below 


second time by 
The observed 


the rocket is scattered a 
hydrogen in our atmosphere. 
albedo was about 42 per cent 

The average flux of Lyman—2 from space was 
3-2 erg cm™ sec”* per sterad. Fig. | is a polar 
plot of the intensity isophotes obtained with a 


in space is deduced from the high albedo of 
hydrogen in the earth's atmosphere. Lyman-—2 
from the sun is a broadened emission line 
characteristic of the high temperature of the 
solar atmosphere. The scattering cross-section 
of the cold hydrogen for the solar line is small 
except for the very center of the line. As a 
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consequence, the daytime albedo is barely 
detectable with the solar flux of Lyman-—< 
directly incident on the atmosphere. On the 
other hand, if Lyman-—z in the night sky is once 
scattered by neutral hydrogen atoms, it is mono- 
chromatized by the scattering process to include 
only the core of the original solar line. When 
this highly monochromatized radiation enters 
the denser hydrogen region of the earth’s atmos- 
phere near 80 km it is back-scattered with the 
observed albedo of 42 per cent 

Estimating the neutral hydrogen density of 
interplanetary space from these observations is 
complicated by our lack of detailed knowledge 
of factors such as the solar line profile and 
particularly its central intensity. From rocket 
spectrograms the half-width of the Lyman—z 
line appears to be less than 0:3 A. However, 
the resolution of the spectrographic measure- 
ments is not adequate to define the true contour 
of the line or to reveal the presence of 
an absorption core at the line center. Since 
the scattering cross-section is a maximum at the 
line center and falls very rapidly toward the 
wings, the presence of an absorption core in 
the line center can profoundly affect the 
scattered intensity. The presence of a deep 
core can be inferred from the weak albedo 
(<2 per cent) of the earth’s atmosphere when 
directly irradiated by solar Lyman-c. If the 
albedo of the atmosphere under direct illumina- 
tion by solar Lyman-—z were accurately known, 
the ratio of daytime and night-time albedos 
would permit us to estimate the effective 
scattering cross-section of the interplanetary gas 
and hence its temperature. 

From the mere fact that the incoming distri- 
bution still minimum when viewed 
from the earth (Fig. 1), one may deduce that 
the mean free path of a Lyman-e quantum 
before scattering is at least one astronomical 
unit (1 10" cm). If the distance 
were a small fraction of | A.U., multiple 

attering would destroy any directionality in 
the radiation seen from the earth. If 1 A.U. 
reprsents unit optical depth in the core of the 
| yman-—2z line, the neutral hydrogen density, 

can be estimated provided the scattering 
sross-section, «, is known. The value of ¢ 


shows a 
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depends on the 


planetary gas 


temperature of the inter- 
Ihe high albedo observed at 
night implies that the interplanetary gas cannot 
be much hotter than the hydrogen in the 
terrestrial atmosphere near the 85 km level. If 
we take 3x 10 cm* (T ~ 400°K) the 
corresponding value of ny is about 0-2 per cm* 
which may be considered an upper limit. 

Independent estimates of n, have been made 
by I. S. Shklovsky’”’ and by O. Struve“’ on the 
basis of the rocket measurement. Shklovsky, 
assuming a solar flux of 0°5 erg cm™ sec 
and the effective width of the solar line to be 
0-2 A, computes a density of 0-5 atoms per 
cm*. Struve assumes a line width of 1 A and 
a flux of 3 erg cm~* sec™' and finds »,=0-1 per 
cm*. If the scattering atoms originated in gas 
clouds emitted by the sun, we should expect a 
concentration toward the ecliptic plane. It was 
mentioned above that the scattering gas must 
be cold and both Shklovsky and Struve have 
also pointed out that the isophote contours of 
Fig. | are nearly circular. The evidence there- 
fore does not indicate an extended hot coronal 
atmosphere as the scattering medium. 

Shklovsky*’ has computed the flux of H. 
that would be produced by excitation of the 
interplanetary hydrogen by Lyman Absorp- 
tion of Lyman-— raises a hydrogen atom to 
the quantum 3 state from which it may radiate 
and Lyman-z. Taking the solar Lyman—(@ 
flux to be 1/40 Lyman—z, Shklovsky derives a 
ratio of the number of H, quanta to Lyman—z 
quanta in the night sky. The expected intensity 
of H. is 210" photons cm™* sec 
Rayleighs if the direct solar flux is 5 ergs cm 
sec™' at 1 A.U. and nq is 0-5 cm The flux 
measured at Zvenigorod fluctuated from night 
to night between limits of 5 and 20 R. This 
agreement is as good as can be expected con- 
sidering the uncertainties involved in the value 
of the Lyman—? flux and ny. 


or 20 


5. THE PROTON DENSITY OF 
INTERPLANETARY SPACE 
If the neutral hydrogen content and the solar 
flux below the Lyman limit are known, it is 
possible to compute the number of protons per 
cm* under conditions of ionization equilibrium 


5 
) 
=. 
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The energy content of the ionizing solar flux 
may be distributed between the Lyman con- 
tinuum, the He resonance lines at 304 A and 
584 A and X- rays from 20 Ato 200 A. At the 
Lyman limit the absorption cross-section is of 
the order of em 
the 


fowards shorter wave- 
cross-section decreases inversely as 
line 
closer to 
ionosphere as a gauge 
of the shown that about 
O-l erg cm™* sec™' is adequate to produce an 
equilibrium density of 10° electrons cm~’ at 
the maximum of F2 region Neglecting the 
possibility of electron loss by attachment to dust 
particles, the recombination of electrons and 
protons may be attributed to radiative recom- 
bination for which the coefficient. 2. about 
1:5 x 10-** cm’ sec Accordingly, if we adopt 
xn=0-2 cm and a flux of 0-1 erg cm 
sec’, way corresponding electron and proton 
densities lie between 15 and 45 depending on 
where Ps appropriate falls 
between the values 10 and 10-"* cm if 
the true value of the solar flux is higher than 
01 erg cm~* sec™’ the resultant electron density 
as the square root of the flux 

It is quite clear that much needs to be done 


the cubed At the He II 
(340 A) the cros: 
10 cm 
ionizing flux it can be 


section should be 
Using the 


cross-section 


will increase 
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experimentally before a more rigorous solution 
of the problem is possible. A measurement of 
the contour of the solar Lyman-—2 line with a 
resolution of about a hundredth of an Angstrom 
is essential. It is entirely possible to achieve 
this resolution in a rocket experiment. The 
daytime albedo needs to be accurately mea- 
sured. The recent success of Rense“ in photo- 
graphing the spectrum below the Lyman limit 
has provided the first direct experimental 
evidence regarding the region from 300 A to 
910 A. Although it may be difficult to deter- 
mine absolute intensities from this spectrogram, 
there is little doubt that future attempts will 
lead to quantitative data that should permit 
an accurate assignment of the ionizing flux 
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Directorate, Air Force Cambridge Research Center, 
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Four different stages of afterglow can be observed when the O, partial pressure in 


ween the partial 


relationship bet 


[The absorption spectra of these glows in 

O, and NO, and measurements were made 
2p* *P, in the nitrogen afterglow. 

in emission in the nitrogen tergl ) With 


consideration of both emission and absorption spectra, the reaction mechanisms are discussed 


briefly for each stage. 


1. INTRODUCTION 
4s Kaplan suggested many years ago, there 
re similarities between the spectrum of the 
gen afterglow and that of the aurora and 
tirglow. The study of the nitrogen after- 
particularly the study of the mechanism 
ts excitation processes, therefore might lead 
understanding of these upper atmospheric 
ymena. A brief description of the present 
presented at the conference on 
aeronomy; however, we believe it 
thwhile to report the results in detail. 
Considerable experimental and theoretical 
rk has been carried out in the last several 
concerning the nitrogen afterglow, 
| the reader is referred to a review of pre- 
work presented in Mitra’s book’ 
vecently, Cario and Reinecke® proposed a 
theory for the mechanism of the afterglow, 
ch was supported by Brook and Kaplan‘ 
studying the effect of rare gases on the glow. 
More recently, Schiff’, and Kistiakowsky 
lependently found atomic nitrogen in the 
ifterglow, each using the mass spectrograph. 
The latter has suggested the so-called “two step 
process” for the glow mechanism. 
[he main purpose of the present work was to 
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find active substances not only in the nitrogen 
afterglow but also in its modified stages pro- 
duced by a condensed discharge of (N,+0O,) 
by studying their absorption spectra in the 
vacuum region. 


2. EXPERIMENTAL 

The general procedure in producing the 
afterglow was essentially the same as described 
in a previous paper’. The tank N, was first 
allowed to flow at an arbitrary pressure 
(1 13 mm Hg); then, tank O, was added 
gradually to the flow until a desired stage of 
the glow filled the glow tube. The partial 
pressures of N, and O 
McLeod gauge attached to the glow tube about 
20 cm from Both a Hilger medium 
size quartz and a 2-meter vacuum spectrograph 
were used for recording the emission spectra 

In the absorption work, the glow was 
allowed to flow through the absorption cell, 
attached to the slit of the vacuum spectrograph, 
which was 8 cm in length and provided with 
thin LiF windows at each end. In most cases 
the rare gas continuum? was used as a back- 
ground, but for the experiment on the deter- 
mination of atomic nitrogen concentration, a 
condensed discharge of (He + N.), which is rich 
in NJI-lines was adopted. Three groups of 


~ 


glow 
were measured with a 


its inlet 
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NI-lines at 1200, 1493, and 1743 A were chosen 
for the measurement of the concentration of 
the N-atom in 2p’ *S, 2p* *D, and 2p* *P states 
respectively.* Because of the high concentra- 
tion of the *S state, the cell length had to be 
reduced to 8 mm for an accurate absorption 
measurement for the 1200 A line while for the 
D and *P states an 800 mm cell was required. 

Throughout the experiment, great care was 
taken to avoid the stray discharge from passing 
into the glow tube or the absorption cell. 


3. RESULTS 
Four stages of the afterglow, three of them 
known, can be produced simply by changing 
the partial pressure of O,. They are distinctly 
different from one another in their color and 
their emission spectra well. The relation 
between the partial pressures of N. and O, 


as 


BLUE (ZZ THE BLUE STAGE 
/ DISAPPEARS 
4 
No mmHg 
Fig. 1. Relation between the afterglow stages and 


partial pressure of N, and O 


to produce the different stages is 
Fig. 1. The observed spectra, in 
as well as in absorption, are sum- 
marized in Table | together with suggested 
reactions. 


required 
shown in 


emission 


3.1. The first stage (Lewis—Rayleigh afterglow; 


straw-vellow) 

When the N, was extremely puret, its 
Spectrum consisted only of the first positive 
bands exhibiting their well-known character- 
istic distribution of intensity. In the vacuum 
region, we found the a'II,—-X'S* bands of 
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N., but they were extremely weak.t The 
observed bands are listed in Table 2. 
Table 2. The a'Il,-X'X* Bands of N, 
Observed in the First Stage 
(A) 

1 1 14641 | 8 

0 1500-7 3 

2 15152 ] 

2 3 1529-9 

0 2 4 

2 4 1584-4 2 

0 3 1611°3 5 

1 4 1626°5 1 

0 4 1671°7 4 

1 § 1687°3 3 

2 6 1703-3 1 

0 5 7362 3 

1 6 751-9 2 

2 7 1768°1 2 

0 6 1804-7 1 

1 7 1820°8 2 

28 1837-2 2 


* Eye estimated intensity in the afterglow spectrum. 


+ Eye estimated intensity in an ordinary discharge 
of nitrogen by Birge and Hopfield 


Douglas and Herzberg’ found a_pre- 
dissociation in the a'Il,, 6, and suggested 
that the perturbing state must have a potential 
curve with a shallow minimum. The perturb- 
ing state is probably the ° whose dis- 
sociation products are the two normal atoms 
(*S), and it also ceuses the predissociation of 
B°ll, at v=12. The present observation of the 
a'll,—-X'X* bands in the glow suggests that 


The measurement was carried out by means of 
photographic photometry using SWR plates and these 
lines as background 


+ Tank WN with purity of 99-99 was not 
sufficiently pure to exclude NO bands. To obtain a 
spectrum without NO bands, special precautions are 


required in purification of N, and in seasoning the 
discharge tube as well 


~ On account of the extreme weakness of the bands 
special care was taken to avoid both stray discharge 
and reflected light originating in the main discharge 
Not only that, we also took several plates of a feeble 
stray discharge which was intentionally introduced 
into the glow tube and compared them with the glow 
spectrum 
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they are produced by reaction (2) (see Table 1), 
which is similar to reaction (1) in the same 
afterglow. Unlike the first positive bands 
however, no clear enhancement of any particu- 
lar band was observed (see Table 2). and this 


probably is due to the metastability of the 


a'il In the reaction, the radiationless transi- 
tion ~*-a'll, is highh forbidden, and 
this, combined with the met stability of the 
a'll,, is compatible with the extreme w eakness 
of the bands 

It is not clear whether the °S~ is a pure 
repulsive state or whether it has a potential 
curve with a shallow minimum.  Broida and 


his co-worker found new emission bands in 
the afterglow of solid nitrogen and attributed 


them to the transition of N 
with the dissociation energy of the *X* as 
1060 cm~' (=0-131 eV). However. according 
to their recent pronouncement, the bands are 


not due to the nitrogen molecule 
The absorption spectrum of 

showed four groups of Nl-lines as 

Table 1, and no 


this stage 
shown in 
Other 


absorption was 
observed except that of the weak a'il.—x'S 
bands* of N Fig shows part of the 


Spectrum which was taken by using the line 


source as a background. Since the N was 


not 


© adsorption due to N. normal state and 


Table 3 


(mm He) 


Plate No 


(PIN. S00 


(PYN(*S) 
(P)N, 


Concentration of N (*S) in the First Stages of the 


(P)Are 
frye He) 


and (PINCD) < 
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sufficiently pure, in this case, one could see 
weak absorption of Lyman-z and of Ol-lines 
at 1302 A in addition to that of the NI-lines 
The results of the concentration measure- 
ment of the N-atom are shown in Table 3. In 
this phase of the experiment, the peak intensity 
Was measured and the oscillator strength 
f=0O-l+ was assumed for all the lines used. The 
present values of concentration for N ('S) agree 
obtained by the method of mass 
While there is no mention of 
States, *P, by 
mass spectrograph technique, 
observed the existence of the two 
States although their concentrations were much 
smaller that of the ‘*§ lable 3). It 
must be mentioned that the concentration of an 


with those 
spectrometry 
the 


used the 


definitely 


metastable those who 


we 


than (see 
active substance, such as an atomic species, in 
the glow depends largely on the excitation 
conditions in the main discharge. and. in 
particular, with a condensed discharge it 
depends on capacitance and spark conditions 

There is no question about the existence of 
a large amount of N (*S) in the glow, and no 
other active substance was observed that 
could approximate the concentration of N (‘S) 
lherefore, reactions (1) and (2) cah be acc epted 
as being the main processes involved in this 


T value was estimated hy Profe 


essor R. King at 
Technology for 


which we 


Afterglow 


(PIN(AS 


“100 
(P) total 


(PIN(P). 


| 
+ 
net ts any active fen express our ippreciation 
try 
2-05 0-08 
TV 1-20 Ol 
1-98 0-12 
VI 0-32 7-92 0-02 
vil 0-42 8-00 0-63 0-03 
Vili 7-52 0 40 0-03 
1X 144 7°57 0-28 0-04 
X 8-50 0-27 0-02 
XI 8-20 0-23 0-02 


NI 1200 4 
—H 1215.66 


Absorption spectrum of the first stage. Cell length: about 80 cm. A condensed discharge 


Fig. 2 
N.) was used as a background: (a, c) without glow; (b) with glow in the cell 


of (He 


ABSORPTION BANDS OF BLUE AFTERGLOW 


~ 


Fig. 3. Absorption bands of blue afterglow 
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Stage of the afterglow. Because of their small 


concentrations, the role of the metastable 


atoms might be a minor one if at all. 


The second stage (hlue-elow) 

When a very small amount of O, was intro- 
duced into the flow of pure N., the NO bands 
appeared in emission in addition to the first 
positive but the glow color remained 
the same. By increasing the O, pressure, the 
color changed gradually from yellow to whitish 
yellow, then whitish blue, until it became pure 


hands 


blue at which point the nitrogen bands com- 
pletely disappeared. At this point, the NO 
bands ’ occupied the entire region, 1900 
8500 A, with the atmospheric O, bands also 
present. This stage we will call the “second 


stage”. Regarding its color and spectrum, there 
was no sharp boundary between this stage and 
the first stage 

As shown in Table |, the 
spectrum of this stage showed strong Ol-lines 
and several bands in addition to the NI-lines* 
rhe intensity of the Ol-lines was as strong as 
that of the NI-lines in the first stage. We did 
not measure the intensity of the Ol-lines but it 
might be safe to estimate that the concentration 
of atomic oxygen in the ground state O(*P), 
is of the same order of magnitude as that of 
N (*S) in the first stage. As will be described 
later, we have no adequate explanation for the 
origin of the absorption bands. NO molecules 


absorption 


were not detected in absorption, but their 
emission spectrum appeared in the main dis- 
charge as well as in the glow. This indicates 


the existence of the molecule but the amount 
is not sufficient to allow for its observation in 
absorption with 8 cm of cell length 

Reaction (3), proposed for this stage, can be 
acceptec were 
observed. The intermediate stage between this 
and the first stage is produced simply by 
co-existence of the three reactions, (1), (2), and 
(3). It should be mentioned that reaction (3) 


since all the necessary elements 


* These additional absorption spectra were 
observed even in nitrogen in which O. was a slight 


impurity, and their intensity increased with an 


increase in the partial pressure of O. 


STUDY OF AFTERGLOWS 


must be very strong because only a slight 
impurity of O, is sufficient to cause strong 


emission of NO bands in the afterglow. 


3.3. The third stage (no visible glow) 
A further increase of the partial pressure of 


O, in the second stage simply weakens the 
brightness of the blue glow without any change 
in the nature of its color and emission 
spectrum. At some specific amount of O, the 
glow disappears completely. This stage we will 
call the third stage or “the dark stage”. 

As shown in Fig. 1, the existence of this 
stage could be observed throughout the entire 
range of N, partial pressure used. No emission 
spectrum was observed in this stage but absorp- 
tion lines of OI at 1302 A and the absorption 
mentioned in the previous stage were 
observed both being intensified. It is difficult to 
explain how this stage is produced, but prob- 
ibly could be as follows: As the O, pressure is 
the of N(*S) will 
decrease while that of O(°P) and of NO(X?IT) 
will increase, and finally a condition is attained 
where neither reaction (3) nor (4) is sufficiently 
strong to result in an observable glow 


bands 


increased concentration 


3.4. The fourth stage (ereenish-eray) 

When the O, pressure attains a certain value 
Fig. 1), the greenish-gray appears 
rather abruptly following the dark stage. The 
if the glow was increased as the O 
increased and no further 
ybserved. The emission spectrum of the 
Stage was identical with the so-called air after- 
Namely, it « many weak 
and diffuse bands superimposed with a strong 
continuum extending from about 4000 A to at 
least 9000 A The existence of OCP) and 
NO (X°1T) in the glow was confirmed by a study 
Table 1), and 
the proposed reaction (4) seems to be the most 
likely one responsible for the glow 

Recently, Barth and Kaplan®*’ observed the 
Herzberg bands of O.* in the beginning of this 
heir suggested reaction is equation (5) 


slow 


(see 


brightness 


pressure was stage 


VAS 


glow onsists of 


of its absorption spectrum (see 


Stage. 


* Very long exposures are required to record these 
bands and we made no attempt to observe them. 
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Table 4. Energy Differences between the Unidentified Bands and Characteristic O. 
Absorption Bands 


Characteristic absorption 
bands of O 


MA) MA) 


1244 { 1487 
| 1482 


1442 


{ 1413 
| 1408 


in Table |. Broida and Gaydon" also found 
the same bands in their oxygen afterglow and 
suggested equation (5’) as its reaction mechan- 
ism. Since both observed a strong air afterglow 
simultaneously with the O, bands, there should 
be two different reactions in this stage; one for 
the air afterglow, and the other for the Herz- 
berg bands. We tried to detect N (*S) and O, 
in absorption but did not succeed because the 
strong O, absorption was superimposed on 
their expected absorption spectrumt. However, 
since the emission spectrum of this stage was 
identical with that of air afterglow rather than 
that of chemiluminescence in the reaction 
between O, and NO,“" the amount of O, in 
the stage should be very small. According to 
Schiff,°" the production of O, in an oxygen 
discharge is extremely small when the O, 
pressure is low (~ 1 mm Hg), and this tends 
to support the above statement 


3.5. The absorption bands 


Fig. 3 shows the absorption bands taken in 
the second stage with the krypton continuum 
as a background. The longest three are some- 
what diffuse but clearly shaded toward the 
violet while the rest of them have no apparent 
shading and appear very diffuse 

An attempt was made to determine the origin 
of the bands. Accordingly, we studied the 


+ We looked for the 1200A lines of NI and the 
continuum maximum of O, at about 1350 A. 


Unidentified absorption 
bands 


Excitation 
energy of 
, of O, 


AE (eV) 


absorption spectrum of the discharge products* 
of molecules such as H,, N., O., NO, CO, 
N.O, NO., CO., and H,O+. Of these, all the 
oxide molecules (including pure O,) showed 
the bands with the only exception being CO 
This suggests that they are probably due to an 
excited O, molecule. OF, O;, and O, are 
presumably contained in the discharge products 
but seem unlikely as the origin of the bands. 
The oxygen molecule has three characteristic 
absorption bands at 1244, 1207, and 1172 A®”. 
They are very strong and diffuse, and Price and 
Collins **’ suggested that their upper states are 
predissociated. As can be seen in Table 4, the 
energy differences between those and the present 
bands are fairly close to the excitation energy 
of one of the metastable states of O,(b'=;, 

0, 1) suggesting the observed bands may 
originate in the transition between that state 
and, probably, the perturbing states of the 
characteristic absorption bands mentioned 
ab ve 
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Investigations by earth satellites indicate that the product of atmospheric density and 


270 230 km 


iltitude is higher 


nee 


in daytime than at night 
Interpretation of this data indicates 
Various 


heating and swelling of the atmosphere are 


iC 


riable heating due to electric currents in the 
It is supposed 


that this mechanism can accelerate atmospheric ions and electrons 


Upper atmosphere investigations by means of 
the artificial earth satellites launched by the 
Soviet Union’ have shown that at 220-230 km 
altitudes, the product of the atmospheric density 
and the square root of the scale height is higher 
in the daytime than at night. This product is 
also greater over high latitudes, decreasing 
gradually as we move to the equatorial zone. 
The data obtained may hardly be interpreted 
otherwise than to mean that dat a level of 
220-23 km the atmospheric density and tem- 
perature are much higher than was supposed 
In this connection our ideas as 
to the energy sources necessary for an intense 
variable heating and swelling of the upper 
atmosphere become even more hazy. Obviously 
the heretofore adopted view concerning the 
structure and dynamics of the upper atmos- 
phere must be revised in the light of the new 
information 

As early Bates” showed that the 
upper atmosphere is cooled down considerably 
by the microwave radiation of atomic oxygen 
Thus, the known penetrating ultraviolet and 
X-ray radiation of the sun, absorbable by the 
upper atmosphere, appeared to be quite insuffi- 
cient for maintaining the very high temperatures 
prevailing there. To obviate this difficulty, 
Chapman supposed that the intense heating 
of the upper atmosphere might be due to some 
interplanetary medium having as high 


ever before 


1951, 


as 


gas 


temperatures as several hundred thousands of 
degrees Kelvin. According to his hypothesis, 
this medium is an extension of the solar corona. 
He believes its existence to be corroborated by 
some recent evidence of the high density of 
the interplanetary gas. However, the entire 
explanation is open to doubt at more than one 
point 

A few years Daniels’ advanced the 
assumption that the upper atmosphere might 
possibly be heated by infrasonic waves from 
the troposphere, where these waves arise by the 
agitation of the world ocean and atmospheric 
turbulence and winds. However, diurnal and 
latitude variations of the density can hardly be 
accounted for by such a source of heating, since 
it is hard to suppose that tropospheric infra- 
sounds would depend on the hour and the 
latitude Another explanation seems more 
worthy of attention; namely, the heating of the 
upper atmosphere can possibly be caused by 
the electric currents that flow in it and are 
responsible for the variations of the magnetic 
field 


ago, 


Studies on whistling atmospherics indicate" 
the outer atmosphere of the earth can be con- 


sidered as a system of many electrically 
conducting channels, following the magnetic 
lines of force and closed to form a circuit by 
the conducting layers in the lower portion of 
the ionosphere. Such conducting channels are 


due to a nearly complete absence of electric 
conductivity in the direction perpendicular to 
the magnetic lines of force. [. S. Shklovsky 
was the first’ to point out the existence of 
similar conditions in the solar corona where 
they account for sharp temperature differences 
between some neighbouring regions. At this 
lime, magnetic thermal insulation is used in 
laboratory with thermonuclear 
since ions and electrons collide 
in large numbers with the atoms and molecules 
Mf the atmosphere, the electric conductivity of 
the lower portion of the ionosphere is as great 
across the magnetic lines of force as along them. 
Hence the earth can be regarded as encircled 
by conducting rings which form a kind of tore 
about it, and are interconnected on the internal 
side of this tore. If at some part of the con- 
ducting channel its conductivity becomes low 
such a channel may act as an oscillating circuit. 


experiments 


reactions 


Since the interplanetary gas and solar corpus- 
cular streams are carrying magnetic fields frozen 
in them, great electromotive forces and strong 
currents are bound to arise in these circuits. 


If, for instance, a corpuscular stream moving 
ita rate of several thousand kilometers per 
carries a magnetic field of only 1/10 y, 
hose direction changes ten-twenty times in a 
nd, then the electromotive force may attain 
ns Of volts in a circuit along the magnetic 
f force 10'' cm long (the existence of such 
mducting channels has been established from 
bservations of whistling atmospherics”), 
This is quite sufficient for a powerful heating 
the upper atmosphere, especially its outer 
ry rarified portion. Heating by short-period 
of the geomagnetic field will be 
rongest near the poles, because the cross- 
n of the conducting channels is much 
larger than in low-latitude regions. It will also 
stronger during the day than at night, since 
the penetrating electro-magnetic radiation of the 
un enhances the ionization in the lower lavers 
f the ionosphere. The latter are good electric 
mnductors at night only in the case of a 
rful corpuscular penetration to the 
nocturnal side of the earth 


tions 


po 


Apart from the short-period variations of the 
magnetic field, electric current producing long 
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period variations of this field may also account 

for the heating of the upper atmosphere. At 

this juncture we can offer some considerations 

concerning the altitude of these currents. By 

observations of radar reflections from auroras 

at Roshchino, south of the zone of their most 

frequent recurrence, it has been found that at 

the time of weak geomagnetic disturbances the 

radar reflections were strictly in accordance 

with Chapman’s ideas; i.e. reflecting were those 

zones where the magnetic lines of force were 

at right angles to the direction towards the 

radar (V. I. Pogorelov). From this standpoint 

no radar reflections may be possible at the 
Loparskaya station, in the auroral maximum 
zone, if the geomagnetic field is in normal state, 
since the perpendicular condition is fulfilled 
only at altitudes much below 100 km from the 
earth’s surface. However. regular radar 
reflections from North are observed at 
Loparskaya during geomagnetic perturbations 
(J. G. Birfeld, A. I. Grachev). Primarily 
important is to find out their dependence on 
positive and negative bays in the reflection 
zone (J. G. Birfeld, V. I. Jarin, A. J. Grachev). 
The radio reflections are seldom observed 
during positive bays; usually only when negative 
bays come to replace positive bays will radio 
reflections make their appearance. Their 
number is highest during negative bays. 
For radio reflections to appear at Loparskaya, 
the magnetic lines of force must be inclined 
to the south. Therefore, the usual absence of 
reflections during positive bays and their 
appearance with negative bays may be taken 
to mean that the currents responsible for 
the bays flow below the reflecting zone. Should 
the reflecting zones be identified with the 
auroral maximum brightness zones, where the 
ionization is of the greatest importance, then 
it is only natural to suppose that the electric 
currents producing baylike disturbances flow 
usually below the maximum brightness zone of 
auroras. Thus the S, and D variations of the 
geomagnetic field can heat respective layers of 
the upper atmosphere. 


Some heating of the upper atmosphere can 
be ascribed to corpuscular penetrations. How- 
ever, the main role of the corpuscles appears 


9 


te 


to consist of a specific ionization of the upper 
atmosphere. Ordinarily, a penetrating electro- 
magnetic radiation from solar flares fails 
to produce any appreciable geomagnetic 
disturbances. Such disturbances arise only on 
corpuscular penetrations. We may therefore 
expect the corpuscles to have some specific 
effect on electric conductivity. What seems to 
be most probable is that the corpuscles produce 
an intense ionization by breaking up oxygen 
molecules directly to positive and negative 
oxygen ions. This process has been observed 
in the laboratory and it can well increase 
the ionic conductivity of the ionosphere, 
especially at night, when effective photo- 
detachment of electrons from negative ions 1s 
impossible 

It may be remarked, moreover, that in the 
daytime the average life of positive ions can 
be lengthened by the formation about them of 
shielding shells made of neutral molecules 
(cluster ions). This factor can also prolong the 
life of negative ions, since a photoelectron 
from a negative ion will have a higher prob- 
ability for attachment to one of the shell 
molecules. In the atomic oxygen zone the 
electric conductivity may possibly increase in 
the direction perpendicular to the magnetic 
lines of force owing to an increase in the 
number of collisions due to charge exchange 
by ions whose effective cross-section is larger 
than the gasokinetic one 

Until recently, the main interest centered 
about the brighest forms of auroral displays 
and no due attention was given to the processes 
in the space outside them. Radar reflections 
from auroras testify to an exceptionally high 
local ionization in the auroral zone. Yet, for 
large scale current systems to exist, the ioni- 
zation cannot be local but should rather 
embrace all zones of the conducting circuit and 
secure a high electric conductivity in the latter. 
From this point of view, ray structures, which 
are apparently most frequently attended by 
radar reflections, can hardly secure a good 
conductivity throughout the current system 
circuit, since a few good conductors located at 
right angles to the electric current lines in the 
conducting medium cannot appreciably change 
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its electric conductivity. Investigations of 
emissions from auroras at Loparskaya have 
shown, as a rule, that most of auroral energy is 
radiated, not from bright forms, but rather from 
the surrounding diffuse formations, which are 
considerably more uniform and are extended in 
space (N. V. Jorjio, M. L. Bragin). It has also 
been established that in general there are no 
bright auroral forms without some diffuse 
formation about them. All of this remained 
unnoticed until now, probably because visual 
observations, when bright forms appeared, 
were not able to detect the weak diffuse light 
At the same time, investigations at Loparskaya 
have shown that neither is the emission of 
corpuscular hydrogen concentrated in bright 
forms alone. As a rule, indeed, it is observed 
about on a wide area (G. I. Galperin). 


There is good ground to suppose that at the 
time of corpuscular penetrations, wide elec- 
trically conducting layers are created in the 
upper atmosphere, although the electron con- 
centration in them may not attain the high value 
suggested by the existence of radar reflections 
from auroras. It would seem, therefore, that 
most essential for usual geomagnetic disturb- 
ances are the wide areas taken up by a weak 
diffuse light about the bright forms of auroras 
rather than these forms themselves. 


Until now only hydrogen corpuscles were 
identified in auroral emission spectra from the 
Doppler shift. At this time, modern highly 
sensitive spectrographs permit hydrogen emis- 
sion to be recorded practically during almost 
any aurora (G. I. Galperin). In cases where 
this emission is not identified with certainty its 
place is usually taken up by blending molecular 
bands, and so it cannot be definitely stated that 
it was actually absent. At the stations of this 
Institute, hydrogen emission was recorded 
during a quiet time, both before geomagnetic 
disturbances and when they were altogether 
absent; i.e. did not appear after the time of 
emission. Moreover, narrow hydrogen lines 
without the Doppler shift have been recorded 
at Zvenigorod (V. S. Prokudina). Similar 
emissions have been observed at Loparskaya 
too (G. I. Galperin). Recently at Zvenigorod 
helium emission was apparently detected in the 
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infrared at about 10830 A (V. S. Prokudina, 
N. N. Shefov, A. V. Mironov). Very likely 
ertain auroras, during which no hydrogen 
mission could be detected, were due to pene- 


trations of helium corpuscles, or of hard 
electrons. At the symposium on aeronomy in 
foronto in September last year, 
reported that hydrogen emission appears 
usually a few hours before the outset of a 
bright aurora and is attended by a strengthening 


terrestrial currents, noticed formerly by 
Stormer, as a precursor of these phenomena. 
Chis is exceptionally interesting. At Lopar- 

the appearance of a_ hydrogen 
as recorded a few hours before the 
lvent of an auroral display (G. I. Galperin) 


skaya tow 


a simultaneous appearance of radar 
flections from auroras was stated (G. I 
Galperin, J. G. Birfeld, A. I. Grachev). These 


reflections testify to the penetration of hydrogen 
les in the form of dense formations which 


one 
produce a high degree of ionization on their 
Sometimes the precursors of an aurora 
ind of geomagnetic disturbance disappear 
ithout resulting in a development of these 
phenomena (G. 1. Galperin) 
\ll of this appears to furnish a good confir- 
mation of the influence which the magnetic 


fields frozen into solar corpuscular streams 
the outer atmosphere of the earth 
moving past it. Under the action of such 
iriable field the conducting 
in the atmosphere, c inciding with the 
lines of force, begin to acquire heat 
ul the scale height in them grows. As a 
in intense heating, a rather dense 
stretching from one hemi- 
f the earth to the may be formed 
[hereby the power supplied to the upper 

sphere through such a channel increases 
harp Che initial phase of an aurora corres- 
to the time of preliminary heating. It 
ttended by uniform pene- 
f primary solar corpuscles into wide 
polar and near-polar regions The time of 
formation of a denser fibre along a magnetic 
line of force corresponds to the outset of an 
ntense aurora and a geomagnetic disturbance 
The arrangement of an auroral zone along the 


rt 


magnetic 


yt 
fibre of ionized gas 


ther, 


I< 
more ofr less 
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geomagnetic parallel can easily be explained by 
the fact that in the regions located towards the 
geomagnetic pole from the auroral zone the 
magnetic force lines are tangled in the moving 
interplanetary gas medium and do not follow 
the shortest path to the other pole in the outer 
atmosphere, rigidly bound to the earth. When 


the magnetic fields frozen into corpuscular 
Streams get stronger, the region taken up by 
the fibres which follow the direction of magnetic 
lines and are closed to form an electric circuit 
with the other hemisphere, is reduced in area, 
and the maximum of auroral displays is shifted 
toward the equator. Also the predominance 
of high altitude forms of type A in low-latitude 
auroras may be easily explained. Since the 
electromotive force in the circuits will be at a 
maximum when the direction of the magnetic 
field is at right angles to the trajectory of the 
corpuscular streams and to the planes of the 
circuits, the predominance of relatively quiet 
forms in the evening and morning hours is 
quite understandable. 


[he swellings of the terrestrial atmosphere 
along the magnetic force lines consist of ions 
and electrons. On the other hand, in the 
corpuscular streams neutral hydrogen atoms 
must be present alongside protons, as a result 
of charge exchange. According to Shklovsky 

exchange processes can start in the 
In the terrestrial atmos- 
' fail to occur. Apart 
les, the outer 
yme primary corpuscles 


charge 
interplanetary space 


phere they cannot 


from neutral primary corpusc 
atmosphere contains s 
reflected from the earth that have undergone 
ach irge exch inge [heir existence is evidenced 
directly by the shift, which is 
observed in any hydrogen emission 


this emission brings 


red Doppler 
1uroral 
Every spectral profile 
usually into evidence that 10 to 20 per cent of 
the radiating corpusles move from the surface 
of the earth in (G. 1 
Galperin). All the neutral corpuscles, while 
travelling through the swellings of atmospheric 
ions along the magnetic force line, can undergo 
charge exchange. According to the direction 
of their velocity relative to the magnetic force 
line, such charged particles will be captured by 


various directions 
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the latter and will move along this line to either 
bemisphere 

The density p of the stream of corpuscles 
thus captured can be defined as 


ind since 
then 


where nm, is the concentration of neutral 
corpuscles in cm™, » is their vel city in 
is the effective ct sS-Section for 
e mcm’, AN is the number of 
2 fibre with | cm?’ base. 7 is the 
concentration of tonized particles in 
f the earth, and / is the 
path length along the magnetic line of force 


cm sec 


ion pairs in 
average 
the outer atmosphere 
As an example, put m,=1 cm™, v=2x 10 
cm sec™', 10 cm*, n=10° em and 
l=5Sx 10° cm Ther 10’ H* em™ sec 
It will be that 
Streams captured by the 
molecules 


the d 


»bvious the densities of the 
neutral 
even exceed 
neutral hydrogen 

The corpuscles thus captured will 
eat to the thereby 
density distribution 


swelline of 


can im fact attain or 


f the streams 
uuter atmosphere 
creating an unhomogene 
in the directions perpendicular to the magnetic 
field As 
captured 
ippear. In 
nhere’s 


1 result, very narrow dense streams 


corpuscles can be 


rdditi 


expected to 
outer atmos- 


and a 


this the 


wn 1Ons can he acceler ited. 


change in the vel city of the captured corpuscles 
possible 


The corpuscles captured to the magnetic line 

itmosphere’s own accelerated 
responsible for the 
forms. The upper 
if present in the region illumin- 


‘ctrons will he 
brightest 


of the <u ell n¢ 


iuroral portions 
ated by the sun, can be detected because of their 
fluorescence. On the different mechanisms by 
emission ts excited, the discon- 
tinuties in the auroral rays at the boundary of 
the earth’s shadow can be easily explained 
Effectively fluorescent in radiation are 
ionized molecules of only. Their 
spectra are most typical of auroras in regions 
illuminated by the sun Other emissions 
observed in this type of aurora can be due to 


which light 


solar 
nitrogen 
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diffuse auroral light, which comprises wide 
extents of the upper atmosphere, and the 
excitation of atoms and molecules in the atmos- 
phere swellings when there is charge exchange 
between their ions and neutral reflected 
corpuscles, and especially primary ones. 

An intense heating of the upper atmosphere 
by short period variations of the geomagnetic 
field will also account for the slow decline of 
the electron density upwards of the F,-layer 
maximum, discovered by rocket investigations 
in the U.S.S_.R Since the frequency of 
collisions above the F.-layer maximum in the 
exosphere is not appreciable, the variable geo- 
magnetic field can add acceleration to ions and 
electrons and put them out of thermodynamic 
equilibrium with neutral particles. In this case 
the height of the homogeneous atmosphere for 
ions and electrons will be greater than for 
neutral particles. At the time of intense auroras 
the outer atmosphere for ions and electrons 
must be heated to a very high temperature 
This phenomenon has been apparently recorded 
at Loparskaya, where a broadening of the [OT] 
red line at 6300 A was detected by means of an 
interferometer (T. M. Mularchik). There have 
been registered cases where in the course of the 
development of an aurora the temperature rose 
from an initial value of several hundred degrees 
up to several thousand degrees. It is worthy 
of note also that an increase of temperature 
towards the polar regions at an altitude level of 
100 km is apparently indicated by the continu- 
ous increase of the rotational temperature of 
hydroxy! in the direction towards higher 
latitudes. According to the observations made 
at our Institute, the rotational temperature of 
hydroxyl grows from approximately 200°K in 
southern regions to 350°K in the auroral 
maximum zone (V. S. Prokudina, N. N. Shefov. 
N. I. Federova, G. I. Galperin, F. K. Shuis- 
kaya). At Loparskaya this temperature has 
been observed to differ in the zenith and at the 
northern horizon. As the atmosphere is heated, 
and the thermal balance of its lower layers at 
about 100-150 km is disturbed, a specific circu- 
lation seems to arise in it, which results in the 
geomagnetic variations of §, and D 


As was stated above, electromotive forces of 
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several hundred kilovolts can arise in the 
circuits, their electric chain being closed along 
the magnetic force lines in the outer atmos- 
phere and perpendicular to them in conductive 
ionosphere layers. Since in the outer atmos- 
phere, i.e. in the exosphere, charged particles 
travel along magnetic force lines practically 
without colliding with other particles, they can 
receive very high accelerations, sufficient for 
penetration into lower layers through a greater 
thickness of atmosphere. In this way protons, 
helium ions and electrons can be accelerated. 

In an earlier paper published before the 
Toronto symposium on aeronomy, the assump- 
tion was made by me that the absorption which 
takes place in the ionosphere at the time of 
auroras and geomagnetic disturbances may be 
due to the formation of the D layer. This layer 
may originate from two different sources: by 


L.. hydrogen emission, which arises on the 
neutralization of protons, and by X-rays 
emitted as a result of bombardment of the 
upper atmosphere by hard electrons. From 


the materials of the symposium it was learned 
later that similar assumptions had been 
advanced by Bates and Chapman in papers that 
were forthcoming. By the presence of 
hard electrons in the auroral zone appears to 


now 


have been proved by Van Allen” and by 
Winckler and associates Yet the role of 
the H_ L. radiation in the formation of the D 


layer remains obscure 


In my opinion, three types of fast corpuscles 
are possible. First, primary corpuscles which 
come to the terrestrial atmosphere directly 
from interplanetary space; secondly, primary 
corpuscles that receive added acceleration or 
are retarded on their motion to the lower layers 
of the atmosphere along the magnetic lines of 
force; thirdly, corpuscles generated owing to 
the ions and electrons available in the outer 
atmosphere, as a result of short-period varia- 


tions of the geomagnetic field. To estimate the 
relative significance of each of these components 
is, of course, a matter of considerable difficulty 
at this juncture. An exhaustive solution of this 
problem will probably be obtained when the 
interplanetary space about the earth will be 
accessible for exploration by direct methods. 
This possibility does not appear to be very 
remote. 

Given in parentheses are the names of the 


workers of our Institute whose papers are 
forthcoming 
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2. ANALYSIS OF THE SATELLITE DATA 

Our analysis of satellite data is based on 
orbital elements obtained from Minitrack obser- 
vations, and in particular on the rate of change 
of the orbital period. This change in period 


20 


cived 29 September 1958) 


is the direct result of the drag exerted by the 
atmosphere, which causes the satellite to lose 
energy continuously during its repeated circuits 
of the Earth. As its energy decreases the 
satellite falls towards the center of the 
Earth, reducing its average altitude and there- 
fore the time required to complete each circuit 
Detailed numerical integrations may then be 
used to determine the quantitative relation 
between the reduction in the period and the 
distribution of air density around the orbit. 
These integrations are not convenient for an 
extended lifetime study, and one of us (1.H.) 
has therefore developed an adiabatic approxi- 
mation to the equations of motion, which vields 
a set of simple relations giving directly the time 
derivatives of the planar orbit elements 


2.1. Adiabatic equations for the orbit elements 

We that the orbit given by an 
osculating ellipse with time-dependent period 
(P) and eccentricity (e). We average the energy 
loss due to the drag over one period of revolu- 
tion, and after some manipulations obtain the 
following equations for the rates of change of 
period and eccentricity: 


dP dt 


e*) de/dt 


issume is 


apn B 
B cpt 


Here p is the density of the atmosphere is 
the speed of the satellite, and a, b, and ¢ are 
quantities defined in the Appendix. B is the 
conventional ballistic drag parameter, defined 


* Presented at the Fifth CSAGI 
Moscow, 30 July-9 August 1958 

+ Present address: National Aeronautics and Space 
Administration, Washington, D.C 
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where C, 


as CyA/m is the drag coefficient, 
A is the area projected along the 
direction of motion, and m is the satellite mass. 
lhe one 
revolution are 


« itellite 


bar denotes a 


time average over 
The details of the derivation 
A ppendix 


given in the 


Fig. 1. Comparison between the solutions to the 
adiabatic equations for the orbit elements and the 
solutions to the equations of motion. The solid 
lines are the perigee and apogee altitudes for 1957 
Alpha 2, calculated from equations (1) and (2) 
The dotted lines represent the results of a numeri- 


cal integration of the equations of motion. 


Fig. | compares the solutions to equations 
(1) and (2) with the results of a numerical 
integration of the exact equations of motion, 
for the particular case of the 1957 Alpha 2 


bit. In this orbit the initial perigee and 
apogee altitudes were 232 km and 920 km 
respectively. We see from Fig. 1 that the 


‘ror in the approximate results is <2 per 
during the first 80 per cent of the satellite 


lifetime 


Relation between perigee density and rate 

f change of period 
[he equations for the time-dependent orbit 
indicate that dP/dt is proportional to 
value of pv*/B over the orbit. 
the density falls off very rapidly with 
if ising altitude, the average of pv* is heavily 
| by the contributions near perigee 
Therefore to a first approximation the observed 
re of dP/dt determines the density at 
D However, we may expect that this 
r ill depend to some degree on the scale 


race 
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height at perigee. Our calculations indicate 
that for reasonable scale height distributions, 
a given value of dP/dt actually determines the 
density uniquely at an altitude of the order of 
one scale height perigee. Fig. 2, for 
example, shows four model atmospheres which 


above 


a 


Fig. 2. Four model atmospheres which have been 
adjusted to fit the observed rate of change of 
period for 1957 Alpha 2 

pond to the scale height distributions in Fig. 5. 
All models intersect within 5 km of a point located 


The atmospheres corres- 


approximately 50 km above perigee 


have been adjusted to fit the observed rate of 
change of period of Sputnik I, but correspond 
to different scale height distributions. We see 
that these atmospheres intersect within 5 km of 
a single point located approximately 50 km 
above perigee. Similar results are obtained for 
the other satellites 


3. DETERMINATION OF THE MODEL 
ATMOSPHERE 

We construct a provisional atmosphere for 
temperate zones by combining the rocket data 
with the density datum furnished by Alpha 2. 
The Alpha 2 depends on orbit 
elements deduced Minitrack data”? for 
the period between 14 October and 25 October. 
The average values of the relevant elements for 
that interval are given in Table 1 

We also require the ballistic drag parameter 
for the determination of the density from the 


inalysis of 
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observed rate of change of period. The present 
calculations are based on a ballistic drag para- 
meter of 89411 kg/m*, derived from U.S.S.R. 
announcements of mass and area*. 

Our results are shown in Fig. 3°. Curves 
A and B represent two atmospheres with 
different scale height distributions, each 
adjusted to agree with the orbital data and 
observed value of dP/dt for Alpha 2. These 
curves intersect at 275 km, as noted above. 
Curve A is further determined to pass through 
the rocket density data of Byram, Chubb, and 
Friedman”. Curve B passes through the rocket 
data of Horowitz and LaGow The spread 


in curves A and B above 275 km indicates the 
probable error in the density at high altitudes 
rocket 


corresponding to the uncertainty in the 


Fig. 3 
the rocket data below 200 km and with the density 
determined from satellite 1957 Alpha 2 
The probable error in the Alpha 2 datum represents 


Model atmosphere adjusted to agree with 
datum 


uncertainties in the perigee altitude and ballistic 
drag parameter of Alpha 2. Points determined by 
the analysis of Satellites 1958 Alpha and 1958 Beta 


are also shown 


* Mass=83°4 kg; diameter 
leneth=812 cm; mean antenna radius=10+°3 cm 
(estimated) Extreme assumptions regarding the 
mechanism of reflection at the satellite surface lead 
to values for the drag coefficient, C,,, which vary from 
2:0 to 2:7, hence we take C,.=2:3+°3. The ballistic 


drag parameter, M/C,A, is then 89411 kg/m* 


58 cm: total antenna 
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data below 200 km. The dashed curves in 
Fig. 3 include the additional uncertainty in the 
density when allowance is made for the quoted 
probable errors in the perigee altitude and 
ballistic drag parameter of Sputnik I. 

The proposed interim atmosphere for tem- 
perate latitudes is an average of curves A and 
B. We show this atmosphere in Fig. 4. The 


Fig. 4. Interim temperature 
latitude, constructed from rocket data and the 
analysis of Satellite 1957 Alpha 2. The shaded area 
indicates the probable error associated with un- 
certainties in the rocket data and the Alpha 2 result. 


The dashed curve shows the ARDC atmosphere. 


atmosphere for 


shaded area in Fig. 4 corresponds to the spread 
between the dashed curves in Fig. 3, and 
represents our estimate of the probable errors 
in the interim atmosphere 


Table 1. Orbit Elements for Satellite 1957 
Alpha 2, Derived from Minitrack Data for the 
interval 13 October-25 October 


Perigee altitude 232+5km 
Eccentricity 0-047 + 004 
Latitude of perigee 39° +6° 

Equatorial inclination 64°5° +03° 
Mean period (Oct. 19) 95-63 min 


Rate of change of period 045 + 0-003 min/day 


3.1. Seale height and temperature 
Fig. 5 shows the scale height distributions 
for atmospheres A and B. These distributions 
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Fig. 5. Scale height distributions assumed in con- 
structing atmospheres A and B of Fig. 3. The 
dashed curve indicates the ARDC scale height 
distribution. 


are assumed to be constant above 400 km, 
following the arguments of Johnson”? on the 
heating of the ionosphere by the absorption of 
solar radiation in the ultra-violet. However, 
there is evidence that the energy available in 
the ultra-violet may be inadequate, and that 
thermal conduction from the solar corona is 
the principal source of energy '’:"' In this 
event the temperature and scale height distri- 
butions will continue to rise above 400 km, 
and densities above that altitude will be greater 
than those in the present model''®’. 

rhe limiting values of the scale height and 
the corresponding atmospheric temperatures are 
given in Table 2. From Table 2 we obtain a 
mean scale height of (95 +10) km, and a mean 
temperature of (1600 + 200)°K, above 300 km. 


3.2. Comparison with the ARDC atmosphere 
Fig. 4 also shows the ARDC atmosphere 
constructed by Mizner and Ripley in 1955 as 
an extrapolation of the rocket data available 
at that time’ 
The ARDC scale height distribution is indi- 
cated in Fig. 5. According to the present 


analysis, the ARDC scale heights are too small 
by a factor of 2 between 200 and 400 km. 
Above 400 km the discrepancy between the two 
models diminishes. 


Table 2. 
400 km for Atmospheres Adjusted to fit the 
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We may attempt a less drastic revision of 


the ARDC atmosphere, in which the tempera- 
ture and scale heights of that model are pre- 


Scale Height and Temperature Above 


Rocket and Sputnik 1 Data 


Scale height Temperature 
(km) (°K) 


RS 1400 


Atmosphere 


105 1800 


served and the entire atmosphere is multiplied 
by a constant factor (~ 10) to bring it into 
agreement with the Sputnik I observations. 
[he resulting atmosphere is shown as curve C 


whe 


Fig. 6. Comparison of model C with the rocket 
data. Model C is the ARDC atmosphere multi- 
plied by a constant factor to produce agreement 
with the observed rate of change of period for 
Satellite 1957 Alpha 2. The ARDC scale height 


distribution is preserved 


in Fig. 6. We see that curve C is in disagree- 
ment with the rocket data by a factor of 5, 
suggesting that this is not an acceptable manner 
of modification of the ARDC atmosphere. 


3.3. Satellite lifetimes 

The densities indicated by the present analysis 
are 10 times larger than those of the ARDC 
atmosphere at 275 km, and 20 to 40 times 
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larger at 400 km 


Estimates of satellite lifetime 
will therefore be reduced by the same factors 
for orbits with these altitudes at perigee. Fig 


Fig. 7. Su 
ballistic drag parameter (B) of 60 kg m? 
in the atmosphere of Fig. 4 


rvey of lifetimes for a satellite with a 
moving 
Results for other 
ay be obtained from this graph by 
noting that the lifetime 


satellites m 
s directly proportional 
to the ballistic drag parameter 


presents a survey of lifetimes calculated for a 
with a ballistic drag parameter of 
60 kg/m*, moving in the atmosphere of I ig. 7 
Results for other may be obtained 
from Fig. 7 by noting that the lifetime is directly 
proportional to the ballistic drag parameter 


satellite 


satellites 


4. ANALYSIS OF EXPLORER AND 
VANGUARD DATA 

observations on the orbits of 
Alpha (Explorer I) and 1958 
1) permit us to determine the 


Minitrack 
satellites 
Beta (Vaneuard 
density of the atm sphere at latitudes between 
and 33°S 
the orbit elk ments and rate of change of period 
r these satellites by the Vaneuard 
Computine Center 


Our analysis is based on 


determined f 


Tables ind 4 list the periods and corres- 
ynding rates of change of peri for the 
Explorer I and Vanguard I satellites. The 


tables also give the estimated 


ballistic drag parameter 


values of the 
Referring to equation 
(1) we note that the observed rate of change 
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Table 3. Orbital Periods for 1958 + (Explorer 
1), derived by the Vanguard Computing Center 
from Minitrack Data. The Third Column Gives 
the Average Value of dP/dt, obtained from the 
Tabular Differences in the First and Second 
Columns 


Date P dP/dt 
(min) (min / day) 
Feb. 5 114-95 
Apr. 2 114-54 0073 
May 2? 114:25 0097 
May 17 114°13 0075 


Weighted average (min/day) (8 10 


B (24+8) kg/m? 


Table 4. Orbital periods for 1958 2 (Vanguard 


1), derived by the Vanguard Computing Center 
from Minitrack data. The third column gives 


the average value of dP/dt, obtained from the 
tabular differences in the first and second 


columns 
Date dP/dt 
(min) (min /day) 
May ! 134:°277 (3:0+-5)x 10-4 
June 7 134:266 °8)x 10-4 
June 25 134261 
Weighted average (min/day) (30+ 10-4 
B (24+3) kg/m? 


the ratio of the 


of period determines only 
density to the ballistic drag parameter, hence 
a knowledge of this parameter is essential for 


the density analysis. The large probable error 
in B indicated for Explorer I represents the 
uncertainty in the cross sectional area of that 
satellite. Explorer I has a cylindrical shape 
with a length of 203 cm and a radius of 7:3 em. 
and the maximum and minimum values of its 
projected area may therefore vary by a factor 
of 20, depending on the orientation of the 
cylinder relative to the direction of motion. In 
our analysis the projected area is estimated by 
averaging over all orientations of the satellite. 
but a proper calculation of the effective area is 
extremely complicated, because the motion of 


ka 
10 
APOGEE STATUTE wnec) 


Explorer I about its center of mass cannot be 
properly described by either a random tumbling 
or a uniform precession about a fixed spin 
axis". We consider our estimate of the pro- 
jected area to be uncertain by a factor of 2 
Fable 5 gives the densities which we obtain 
from the time-weighted averages of dP/dt in 


lables 3 and 4, together with the altitudes to 
which these densities refer Che probable 
errors in the average density represent the 


combined effects of the uncertainty in the 
parameter and the variations in 
the period covered by the obser- 
densities in Table 5 correspond 
10) km and a 
the 


ballistic drag 
dP/dt during 
vations. The 
to a mean scale height of (73 4 
mean temperature of (1250+200)°K for 
region between 400 and 700 km 


Table 5. Densities Derived from Satellite Data 
Altitude Density 
(km) (gm /cm*) 
405 (1958 9°; x10 


720 (1958 


\lthough the density value based on Explorer 
| has a large probable error, this result is still 
f substantial interest because when combined 
with the Vanguard I density it gives us an indi- 
cation of atmospheric conditions in a latitude 
region not covered by the results from Sputnik 
! and the earlier rocket flights. The perigee of 
Sputnik I was located at a latitude of 39° + 6°N. 
during the period of 12 days on which the 
density analysis of that satellite was based, and 
did not move appreciably during that intervalt 
[he rocket data which we combined with the 


* The use of the average cross section is clearly 
appropriate for random tumbling. If the cylinder 
spins about a fixed axis the average will still be 


applicable to observations spread over a period of one 
months, because of the rapid motion of the 
orbital plane. In fact. however. the spin 
I is not fixed. This satellite is aero- 
ind air drag exerts orque about 
each passage through perigee 
axis with the direction of 


more 
vis yf xplorer 


ynamically stable 
of mass on 
align the spin 
motion at perigee. 

+ Perigee rotates in the orbital plane at the rate 
f one revolution in 2 years for an orbital inclination 
f 65°. 


its center 


tending to 
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Sputnik value were obtained at latitude 33°N. 
Thus the combination of rocket and Sputnik I 
data describes a temperate zone atmosphere. 
On the other hand, the orbits of the Explorer 
and Vanguard satellites are confined to the 


region centered on the equator and lying 
between 33°N and 33°S. Since perigee 


rotates in the orbital planes of of these satellites 
at the rate of one revolution in 60 days, the 
average densities for the intervals covered in 
Tables 3 and 4 constitute a thorough sampling 
of all latitudes in this region. Therefore the 
Explorer and Vanguard results refer to a band 
of latitudes centered about the equator. 

According to recent results of LaGow at 
200 km’, the summer daytime density at 59°N 
is 8 times the corresponding density at 33°N. 
We expect comparable differences between the 
present results and our provisional model for 
temperate latitudes, but in fact the densities of 
fable 3 are only 30 per cent to 50 per cent 
less than the lower limit of probable error in 
the temperate zone atmosphere. Presumably 
the comparison must also allow for diurnal and 
seasonal variations, which are as yet very poorly 
determined 

As a corollary to the preceding remarks, it 
is interesting to note that because of the strong 
latitude dependence of upper atmosphere 
densities, we cannot compare density deter- 
minations based on the orbits of the present 
U.S. satellites with those obtained from U.S.S.R. 


satellites. 
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APPENDIX 

We assume that the drag force is small and the orbit 
f the satellite a quasi-ellipse. The total energy of 
the satellite in an elliptical orbit is given by 

GMm 
(la) 


R 


qt. 
(1:2+-3)x 10-16 
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in which G is the universal gravitational constant. M REFERENCES 
and m are the masses of Earth and satellite. respec- 
tively, and R is the length of the semi-major axis. The |. GRIMMINGER G. Analysis of Temperature, Pres- 
by the average power sure and Density of the Atmosphere Extendine to 
or which we take a Extreme Altitudes. RAND Corporation (Nov. 
power consumed in friction. The 1948) 
1 in which ¢ drag 
projected along the direction of 
density and the satellite speed ‘. Similar equations have been derived by T. E. 
STERNE, Astr. J. (in press) 


LaGow H. Ann. Géophys. § (1958) 


GMm dR 1. Srerne T. E. Science 127, 1245 (1958) 
R dt Menoet J. Ene. 76. 666 (1957) 
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revolution ppeared in Science 127, 471 (1958) 
Byram E. T., A. and Friepman H. D 
t High Altitudes, Threshold 
Pergamon Press, London (1957), 
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JOHNSON F. S. International Union of Geodesy 
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FRIEDMAN H. 9th Report of the uncil of Inter 


m is derived by equating the rate national Scientific Unions. Commission on Solar 

mentum to the angular Terrestrial Relationships, Paris (1957) 

lor moamentiim R 
entu 
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> eccentricity and @ the anele 
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Siry, In a paper presented at ti Fifth CSAGI 
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reports of the Smithsonian Astrophysical Obser- 
vatory by 
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Grid abrasion micrometeorite detectors mounted on 1958 Alpha and Gamma 


Abstract 
satellites give a maximum influx rate of particle 10 » in diameter or larger for the period 
1 February to 7 May 1958. On 7 May 1958 two detectors appeared to indicate impacts on 
1958 Gamma. The failure within a few days of all electronics on the satellite open the 


possibility that a shower was encountered with meteor damage subsequently destroying 


electronics; or of an electronics failure which first manifested itsclf in the meteorite detection 


gear 


1. INTRODUCTION was also possible to place a microphone in 
contact with the shell of 1958 Alpha which 
responded to the acoustical disturbances of an 


THe direct detection of micrometeorites reach- 
ing the earth’s atmosphere cannot be accom- 
plished by the standard visual, photographic, 


impacting micrometeorite upon the vehicle skin 


or radio methods Since these small particles 2. INSTRUMENTATION 

survive their entry into the atmosphere, the The weight power and telemetry available 
of at the earth's impose severe limitations on equipment which 
surface exists stimates of micrometeorite may be utilized, with the inevitable results that 


influx rates from such collections are usually some desired measurements must be sacrificed 
much higher than would be predicted from rhe parameters of interest are: 
the direct observation of larger meteor trails (a) Influx rates of each size interval 
and from the application of theory to extra- (b) Impinging velocity 
ate ‘ = = 
- e to small sizes P (c) Composition and density. 
irec measurements oO ometeo 
ect bent Acoustical devices respond to impacting 
he f momentum so that each recorded event is a 
mace Over very short time intervals from rocket f 
unction of both m: é felocity. Optical 
platforms. The influx rates thus determined . 
‘ a ue . sensing of the amount of light admitted through 
vary over wide limits The platform Pro- an opaque film as the film is abraded is a 
vided by a satellite vehicle is very desirable in function of number of hits as well as crater 
that it remains above the atmosphere for long irea. Measurements in general. involve such 
peri ds of time. The IGY satellite program interdependence of parameters 
includes various equipments for direct measure- [he micrometeorite experiment proposed by 
ment of these densities. The Vanguard II Air Force Cambridge Research Center and 
approved for Vanguard II by the IGY Earth 
xplorer series and became ma 
G I ‘od wi 4 Satellite Panel was composed of twelve cards 
jamma carried small wire grids which couk ; 
ty | mounted to the sphere’s surface. Each card 
> frac y micrometeorite impacts 
: f was wound with enamelled wire 17 « in 


diameter. A micrometeorite of about 10 u« or 
larger impacting upon one of the wire grids 
would fracture it destroying electrical con- 


* Present address: Geophysics Corporation of 
America, 700 Commonwealth Avenue, Boston. 
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CHANNEL 
960 


Fig. 1. Circu 


and grid detectors feed 


transmitter 


tinuity. The wire was a nickel alloy ( Pophet ¢ 

W. B. Driver and Co.) wound with the indi- 
vidual turns side by side. The wire diameter 
thout 21 with the enamel insulation 
included Iwo layers were wound on each 
card to insure that a total area of 1 cm «1 em 
completely covered. Each winding pre- 
ab yt 70.000 0 


was 


was 
sented an electrical resist nce 
and had a fixed resistor of 120,000 © connected 
m series with it 

The 
par tllel electrically The 


then became the frequency controlling element 


individual cards were connected in 


combined resistance 
of a sub-carrier generator used to modul ite the 
transmitter In the circuits 
designed for \ inguard Il. the detector 


bined resist ince was replaced periodically with 


satellite original 


com- 
Mtore hy means single 


two standard re« 


ictuated by a slow 


he let 
standard 


pole double throw re 


tree running multi iby <ctors ere 


connected to one terminal, a resistor 


to the second terminal. and the second standard 
resistor was connected to the pole so that during 
relay throw time it provided the second cali- 
bration check Since the sub-c irier generator 
was temperature sensitive, this calibration also 


t diagram of sub-carrier 


2 
}120 


| | 


4 rco 
ces 


generator 


ng into the low power 


provided an independent measurement of the 
electronics chamber temperature 

At the time the Vanguard II “package” was 
transferred to the Explorer series, the Jet 
Propulsion Laboratory undertook the task of 
designing the sub-carrier generator due to the 
very short lead time, as well as the distance 
Separating the assembly point and the Geo- 
physics Research Directorate 

The twelve grids were mounted in a Fiberglas 
supporting ring attached around the six inch 
diameter cylinder near the back and just behind 
a ring or launching surface which accepted the 
In this manner the grids were 
protected from aerodynamic forces and heating 
during the ascent phase 

\ circuit diagram is shown in Fig. 1. 
mounting ring in Fig and a calibration curve 
sub-carrier generator frequency in Fig, 3 
utput of the generator shown in Fig. | 
is connected in series with two temperature 
measuring units as well as the cosmic ray 
counter, and the combined outputs impressed 
upon the low power transmitter perating con- 
tinuously on 108-00 Mec/sec with a 10 mW 
output 
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Fig. 2. Grid detector mounting ring 


\facing p 
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Fig. 4. Single layer of 17 « wires. Crater produced 
by an impact of a stee! particle less than 15 in 
diameter accelerated to between 4 and 6 km sec 
Work carried out by T. C. Poulter, Stanford 
Research Institute, Menlo Park, California 
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NUMBER OF WIRES BROKEN 


° 


Fig. 3 a function of 


broken grid detectors 


Sub-carrier generator as 


velocities are between about 11 
Crater diameters for particles 


Meteorite 
and 70 km/sec 
at these velocities are two and perhaps eight 
to ten times the particle diameter, dependent 
upon the particle density and target density 
Some work has been done to calibrate experi- 


mentally. Shaped charge particles of 15 u« or 
less in diameter (low value cannot be deter- 
mined) accelerated to about 5 km/sec were 
noted to break at least one, and in many 
instances several, of the wires. Particles 5 ; 
or less in diameter accelerated to about 5 


km/sec were observed to break the wires when 
the hit was direct and to pass between without 
breaking electrical continuity in some 
Fig. 4 shows a micro-photograph of an impact 
of a particle smaller than 15 » upon a test grid 

It became possible on 1958 Alpha to include 
a microphone pick-up and amplifier to detect 
the impact of micrometeorites upon the vehicle’s 
skin. This work was under the direction of 


Cases 


M. Dubin of this organization and is reported 
on in greater detail by him’. 


The microphone 
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was placed in acoustical contact with the 
instrument or middle section skin. The nose 
cone and motor chambers were acoustically 
isolated from the middle section by Fiberglas 
separators. The effective area of this section 
was 0-075 m?’. 

The amplifier pulses actuated a_bi-stable 
multivibrator which modulated the high power 
transmitter, 60 mW, producing either a high or 
low tone which changed from one to the other 
when an impact above the equipment threshold 


occurred. The threshold sensitivity over the 


area varied from 1:7x10-* to 5:2x10-* g 
cm/sec and averaged about 2:5x10-* g 
cm/sec [hese values were determined by 


dropping particles of known mass and impact 
velocity upon various portions of the skin. To 
extend these sensitivity values to meteor velo- 
cities it is assumed that the acoustical response 
is a function only of the impinging momentum. 
This relation hold to 300 m/sec 
from experimental tests, and should serve as a 
relative even though subsequent 
work should indicate that acoustical response is 
not a function of momentum only, but perhaps 
some complicated function of velocity of the 
Fig. 5 shows the mounting 


appears to 


calibration 


impacting particle 
arrangement and calibration 


3. RESULTS 
1958 Alpha was launched on | 
1958. at 0355 GC I Che high 


mtil 


February 
power transmitter 
12 February: it 


remained in operation 


returned for reasons not well understood some 


five days later and yntinued to g useful 
data for several additional davs The low 
power transmitter functioned continuously until 
after mid-April; however, useful data of good 


signal to noise ratios were not taken after about 


| April. 1958 Gamma, launched on 26 March 
1958 at 1738 GCT yperated normally until 
7 May when various electronic components 


began t 

During the launch phase of 1958 Alpha one 
1 two of the grid detectors were apparently 
broken. For the portion of the calibration 
corresponding to less than four grid detectors 
open, the sub-carrier generator frequency as a 
function of detectors broken cannot be deter- 
mined with better precision than plus or minus 


) fail over the subsequent five days 
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Fig. 5. Microphone position and threshold sensi- 
tivities. Micrometeorite impact calibration of 
cylindrical shell of Explorer |. Threshold impulse: 


A—1-7 10-* g cm/sec 
C-2-5 g cm/sec 
Area 7 25 10 mc 


one open grid when temperature uncertainties 
are considered. No more than one and perhaps 
no detectors were broken from meteor impacts 
on Alpha. All grids survived the launching of 
Gamma, and none were broken before 7 May. 
The sequence of events after 7 May are 
(1) 7 May, Sub-carrier generator indicated two 
grids broken 
(2) 8 May, Channel 5, low power transmitter 
(temperature) not operating 
9 May, Modulator on low power trans- 
mitter not operating 
10 May, Command receiver misses inter- 
rogation 
(5) 11 May, High power transmitter completely 
silent 
(6) 12 May, Low power transmitter not 
functioning 
The two transmitters were independent units 
with separate battery supplies. They had been 
operating less than half of the predicted life- 
time. It is difficult to account for the nearly 
simultaneous failure of the two independent 
systems by attributing them to electronic 
defects 
The two open grid detectors may indicate 
that the satellite passed through a meteor 
shower, damage from which caused the subse- 
quent failures. The Aquarids shower in May 
occurred at about the time of the failure. If 
the failures were occasioned by some defect in 


B-4:-6«10-* g cm/sec 
D—5:2«10-* g cm/sec 


the electronic or battery units, it may be that the 
first unit notably affected was the micro- 
meteorite generator frequency. The number of 
recorded passes after the first hits on 7 May 
vielding micrometeorite readings and available 
at this time are not enough to preclude either 
of these explanations. The electronics staff at 
Jet Propulsion Laboratory cannot account for 
the sequence of events with normal electronics 
failures (private communication) 

From 1958 Alpha the recorded grid data was 
good for about 60 days. Since two grids were 
broken during ascent and not more than one 
additional grid broken during the following 60 
days, it is possible to compute a meaningful 
maximum influx rate of particles large enough 
to break the grid wire. Because the number 
of hits is not more than one, the average value 
has little or no statistical significance. A value 
of greater meaning is to ask what influx rate 
would produce at least one detector hit in the 
time interval observed with a known prob- 
ability. 

Where N (A, 1)=total number of hits on area 
A in time f, 


lim 


and Atn 


then 


10 
iy e x 
0 
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is the probability that during time f, at least » 
hits will be recorded on area A. 

For A=10 detectors of 1 cm*® each or 
10-* m*, t=60 « 24 x 3600 the time recorded in 
seconds; then for v=1; P..=1-e™% 


P,, X n 
()-99 0-90 x /m? sec 
()-999 1-7 x sec 


Shielding of the satellite by the earth has not 
been considered in the above and would have 
the effect of increasing the calculated maximum 
influx rates of threshold size particles by a 
factor slightly less than two. It is important to 
note that these maximum rates are significant 
only in terms of the experiment itself. Much 
higher rates might be expected during the 
autumn showers or in the belts of defunct 
comets. The threshold size for particles which 
will fracture the wire grids at meteor velocities 
cannot be stated with certainty but are probably 
smaller than 10 » 

The microphone experiment carried on 1958 
Alpha reported impacts which occurred over 
a ground recording station. Due to poor signal 
to noise ratios the task of reducing data has 
proven to be a great one. M. Dubin, who 
directed the experiment, and F. Dearborn have 
developed very elaborate reduction procedures 
to analyze this data. The results will be 
reported later in greater detail. The influx rate 
determined from presently available data is 
about 3 x 10°*/m* sec for particles larger than 
the instrumental threshold. Since the average 
sensitivity was 2°5x 10-* g cm/sec, assuming 


linear response with velocity, average velocities 
of 40 km/sec, and a density of 3-6 g/cm* for 
spherical particles; the threshold diameter is 
about 3 ». This data represents only a very 
small amount of the total available and only 
positive impacts utilized. More impacts (pre- 
sently obscured by noise) are probably present 
and will be apparent when more detailed 
reduction is accomplished. 
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emission features at 4415 A and 4435 A whict 
K v's other emission bands are not corro! 
emission band may be present at 4505 A rhe 
is about eiehty times thar the S79 


1. INTRODUCTION 
OnE of the earliest telescopic observations of 
Venus by Johannes Riccioli in 1634 reports 
that the unilluminated portion of the planet 


was visible with an appearance somewhat 
similar to the “old moon in the new moon's 
irms'. Since that time many observers have 


recorded the occasional ippearance of the 
‘ashen light’’ on the dark side of the crescent 
Venus f the ashen light 
has been severely questioned. particularly 
observers of phenomenon 
tlso claim to see the dark portion of the planet 
silhouetted the hb 
Nevertheless, one should expect the occurrence 
f both and, if Venus has a 


The physical reality 


hex iuse some 


this 


igainst bright daylight 


urglow maenetic 
C il mn the dark side of the planet 
A Cytherean 


1urora of moderate intensity would 
be easily visible with a telesc ype were it not for 
the background of light scattered in the 


terrestrial atmosphere and the telescope 

ent study of the spectrum of the dark 
Venus, N. A. Kozyrev located some 
fifty emission features which he identi- 
fied to the spectrum of N The oxygen 


line 77 which is outstanding in the 


In a re 
side of 
HOS! 
is due 
at 5§ A, 
terrestrial airglow and aurora, was absent on 
his spectra. The examination of the spectrum 
of the airglow or aurora of Venus is of import- 
ance because it provides information on both 

* This research carried out under 


was Contract 


Nonr 393(05) with the Office of Naval Research 
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1958) 


unilluminated portion of Venus show 

in position with those found by Kozyrev. 

ted by these spectra. A pres ly unreported 

lianc ft -mission bands centered at 

lin f the terrestrial airglow. It is unknown 


the composition of the Cytherean atmosphere 
and the possible existence of a magnetic field 
ym the planet 

lo the end of furthering Kozyrev’s study, we 
constructed a fast planetary spectrograph to 
i > of the 


examine possible time 


intensity of the emission lines of Venus 


Variations mn 


2. INSTRUMENTATION 

Since the major difficulty in the study of the 
dark side of Venus is the light scattered in the 
atmosphere and in the telescope, we designed 
a system similar to a coronagraph to minimize 
the latter source of background light A 
schematic diagram of the optics appears in 
Fig. la. A triplet, designed by Dr. James G 
Baker as an acl coronagraph lens with 
amimnimum of internal « 
f \ 


light from the illuminated 


ichromati 
ittering, forms an 
polished slit The 
crescent is reflected 


image ‘nus on a wide, 


from the slit jaws to an evepiece for guiding 
vhile that from the dark side of the planet 
passes to a collimator-field lens. This lens both 


collimates the light from the slit and forms an 
image of the objective on an aperture stop, 
which eliminates the radiation diffracted by the 
objective aperture. A grating (600 lines/mm) 
and a semi-solid Schmidt camera (3 in aperture, 
//0-6, manufactured by Perkin-Elmer Corpor- 
ation) complete the system. The combination 
gives a dispersion of 350 A/mm at H,. The 
high speed spectrograph was chosen in order to 
allow exposures to be made near inferior con- 


Abstract—lLow dicnersion hich enced cnectra 
wh ther the em 
nethe ne emrssion tre 
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4 Guiding Aperture 
Eyepiece Stop 
rw (a) 
+ + a 
4s) 
Achromatic Polished Collimator Grating 
Objective Slit (600 lines/mm ) 


Semi-solid Schmidt 
Spectrograph Camera 


Norrow Slit 
a 


| 
\ Bright Crescent 
‘ / of Venus 


j 


Aperture 


Schematic 


Fig. 1. (a) 


examining the spectrun 


c diagram 


Guiding Hair 


of the optics for 


of the dark s de af Ven 1s 


(b) Arrangement of Venus on the slit during “dark 


side” 


exposures 


junction when but a few minutes elapse between 
the end of twilight and the setting of the planet 

[he instrument seemed to contribute very 
little to the halo of scattered light seen about 
Venus. Tests on spectra taken with the planet 
in position (Fig. 1b) showed the radiance of the 


3. OBSERVATIONS 
Our efforts to obtain a long series of spectra 
of the dark side of Venus to compare the 
intensity of the emission features with geo- 
magnetic activity were frustrated by the late 
arrival of the spectrograph camera from the 


aureole in units of the radiance of the bright manufacturer. Between 6 and 10 January 
crescent to be 1958, 9 exposures on the dark side and 10 
calibration exposures of the bright crescent 


B/Bo~10 


which agrees approximately with what is to be 
expected from the measurements of the solar 
aureole The scattered radiation was still 
intense enough to prevent exposures on East- 
man Tri-X film longer than about 5 min under 
average circumstances 

To give standards of both wavelength and 
intensity, two small neon lamps illuminated two 
narrow slits at either side (Fig. 1b) of the slit 
aperture. An electric shutter behind the slit 
assembly made certain that the exposures on 
the standard and on Venus were of the same 


length. 
c 


Microdensitometer tracings of the 
blue region of enlarged positives of some of the 
best spectra appear in Fig. 2. On these tracings 
the locations of the major Fraunhofer lines in 
the scattered radiation are marked by lines 
below the spectrum, while the locations of the 
brightest emission features catalogued by 
Kozyrev are marked by short lines above the 
tracings. The difficulty caused by the film 
grain is apparent. In the attempt to partially 
obviate this difficulty, we have superimposed 
tracings of several different spectra in Fig. 3. 
For those emission bands which are not in 
danger of being confused with the “shoulder” 


were made 
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rodensitometer tracings of spectra made on the dark side and on the 
nated crescent (attenuated) of Venus. The positions of the Fraunhofer lines 
emission features are marked 


and the br ghtest 
between absorption lines it is possible to set up 
an objective criterion P for the reality of the 
band Here P is the number of 


features of a given amplitude which would be 


expected to appear in our superposed tracings 
due to the random fluctuations (plate grain) of 
spurious the original tracings 


In the table appear the wavelengths of the 
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3914 A and 4278 A with the heads of the 


of Kozyrev 


bonds negative groups of N* is of significance since 
| eae NN-Band not reported by there is no other spectroscopic evidence for 
— nitrogen in the atmosphere of Venus. The two 
\ emission bands whose existence is confirmed 
ed by this study, i.e. those at 4415 A and 4435 A, 
& - remain unidentified [he coincidence of a 
f . 
J\ forbidden molecular oxygen band 
LS 
DARK SIDE KK V4 
V\ (3 mins 8), 
which appears in the terrestrial airglow, with the 
= Tor latter feature is probably accidental since the 
dominant 5577 A oxygen line of the terrestrial 
Fig. 3. Superpositic tra sof : 
g. perposition of tracings of several different airglow is missing from both Kozvrev’s and 
spectra. Note that the contrasts are not the same 


our spectra 
The question of whether the emission bands 
are of auroral or of airglow character is still 
brightest bands (intensity at least 3) observed unanswered. Over the short interval of obser- 
by Kozyrev, their tentative identification, the vation there was no change in intensity of the 
juantity P, and brief remarks. The band hands he geomagnetic activity was also low 
entered at 4505 A, which appears on our during this period. Our system was incapable 
spectra, was not reported by Kozyrev. Clearly, of re< ving any auroral zones on Venus so that 
ly the bands with P<0-1 can be regarded this technique of distinguishing between airglow 
is being even probably established by this and aurora could not be applied : 
study. It is quite possible that Kozyrev’s higher 
lispersion plates show the fainter emission 5. INTENSITY OF THE EMISSION 
lines: however, it is difficult to form a definite The radiance of the major feature of the 


the dark side and in the bright crescent tracings 


(A) 
+7A 


4500-10 


pinion of their reality since the reproduction airglow of Venus between 4410 A and 4440 A 
f his spectrum is exceedingly poor and is can be estimated by using the neon lines on 
inaccompanied by microdensitometer tracings. each spectrogram as an intermediate standard 
between the airglow exposure and the exposure 

4. ORIGIN OF THE EMISSION FEATURES made on the attenuated crescent of Venus. 
Kozyrev’s identification of the bands at Since the slit of the spectrograph was large 


35 
> wary 
K.ozyrev) Re 
’ 3914 N NG (0-0) ' Feature may be shoulder of K line of \ 
Fra nhofer nect ry ; 
4250 1 [hese three feature - to be present, but 
4°64 4 the relative rise in inter ty it this position 
N+, NG (0-1) may we he the should the sand 
4363-70 4 
4410270 No feature wi } tee nterpreted 
4470-40 ne jan hand ¢ 
ar spectrum o J 
heent 
4450-6? ibsen the illuminated crescer t the positions of the 
first two band 
0-068 Not reported by Kozyre 


enough to admit the full image of Venus, we 
can write 


rc Jo A) 
where 1, =intensity of 4430 A band on the 
reon scale, 
1. =intensity of the nearby continuum 
f the attenuated crescent on the 
neon scale 
t=2°9x if transmission of atten- 
vatine filter 
r@ apparent radius of sun 
r ipparent radius of Venus 
; fract f Ver us niering spec 
troeranh for rire! exposures 
{ taken as 4) 
le lumin f th 
AA=1!16 A-=<approximat idth of 
14% \ hand 
Bo =2-6~= 10° erg sterad™' sec 
f surf Ce 
From the spectra letrermine that j, /i 


1 m ronitude 


yf \ 4 ind the magnitude yf 
= 4(96-7 — 4-1) 9-4 


9-6 x 10~* erg sterad~' cm~* sec 


B 
by assuming a triangular shape for the band 
unit of 
1uroral work 


profile In 
Ravleighs”? for airglow 


B ~20x10°R 


more conventional 


und 


the 


We must emphasize that this value is derived 
yn the assumption that the emission is uniformls 
wer the dark Venus. If 
the radiation is concentrated in auroral zones 
the radiance from these zones must be corres- 
pondingly higher 


distributed side of 


To compare the radiance of this feature in 
the Cytherean airglow with the 5577 A line 
of the terrestrial airglow we note that the air- 
glow brightness averaged over the sky is about 
25x 10° R® and find that the ratio of the 


Cytherean to the terrestrial airglow is about 80 
This agrees, within the accuracy of the deter- 
mination, with Kozyrev’s value of 50 for the 
same ratio. 
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6. VISIBILITY OF 

On the five nights from 6 January 1958 
through 10 January 1958 | carefully examined 
the dark side of Venus for emission by allow- 
ing the bright crescent to pass through the slit 
aperture and reflecting the dark side from the 
polished slit jaw. On no occasion any 
radiation from the dark side visible (although 
Patrick Moore of the British Astronomical 
Associ reports that the ashen light was 
visible 1 320) magnification during 
this fact 
the radiance of 
band at 4430 A 
responds to a Class 
However, a with an 
f 30’ (as seen in the eyepiece 


WwW) is 


was 


ition 


the period) At 
difficult to reconcile with 
R for the 
since a similar radiance « 
Ipp 
f our app: 


first glance seems 


emission 
iurora source 
irent diameter 
if vi ince rf 
ibove the threshold 
Considering 


iratus) with 
th 


eye for peripheral vision 


the fact that the eve is some five times less 
sensitive at 4300 A than at 5577 A, we should 
10t be surprised that the ashen light, which 
is superposed on a field of scattered light, is 
difficult to see An increase in the intensity 


f the band by a factor of five would bring the 
ell shy ve the thresh vid 


phenomenon 


of visibility 
may account for the 
ashen light 


ishen loht 
Such a 
vecasional sightings of the 
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1. INTRODUCTION Our analysis indicates that in general the 
OBSERVATIONS on Satellites 1957 Alpha | determination of the impact point requires one 
(Sputnik [ rocket) and 1957 Beta (Sputnik Il) or more observations of altitude during the 
provide an opportunity for a study of the final pass. The observations on the Sputnik I 
behavior of artificial satellites during the final rocket include a late radar echo obtained by 
Stage of re-entry into the atmosphere. In the 
gens to a Presented at the Fifth CSAGI Assembly 

oscow, 30 July-9 August 1958 


0 
Fig. 1. Polar projection of the northern hemisphere showing the trajectory of Satellite 1957 Alpha 1 during 
its final pass. The calculated impact point is indicated by a circle at latitude 45° N and longitude 106° E. The 
probable error in the impact point due to uncertainties in (i) the altitude over Malvern, England and (ii) the 


drag coefficient is indicated with heavy lines to either side of this circle. 
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the staff of the Royal Radar Establishment at 
Malvern, England. The Malvern datum, com- 
bined with other radar observations on 1957 
Alpha 1, leads us to the conclusion that this 
satellite fell on 1 December at 0846 GMT, 
approximately 8 hr after the last sighting made 
on it in the United States. We place the 
probable point of impact at latitude 45°N and 
longitude 106°E, in Outer Mongolia. The 
result of our investigation is shown in Fig. 1, 
which represents the trajectory of 1957 Alpha ! 
during its final pass over the northern hemis- 
phere. The probable impact point is marked 
by a circle in Fig. 1, and the uncertainty in 
the impact point by heavy lines to either side 
of this circle 


2. DETAILS OF THE ANALYSIS 


We start the numerical integration of the 
satellite equations of motion at an epoch prior 
to the re-entry, checking our results against 
available observations as the integration pro- 
ceeds. When significant discrepancies develop 
we adjust the value of the drag coefficient and 
repeat the integration until agreement is 
obtained. In the final stage of the calculation 
the drag adjustments are made most con- 


Fig. 2. Difference in apogee and perigee altitudes 
for the final passes of Satellite 1957 Alpha 1 


HARRIS and R. JASTROW 


veniently by integrating backwards in time from 
the last observation. 

In the course of the calculations it was noted 
that the orbits maintained an appreciable 
eccentricity down to the final passes. Fig. 2 
the difference between apogee and 
perigee altitudes for a typical integration in the 
calculations on 1957 Alpha |! 


shows 


2.1. Satellite 1957 Alpha ] 

The investigation of Alpha | starts from the 
orbital data provided by the Smithsonian 
Astrophysical Observatory for the date of 11 
November 1957. Our analysis of the re-entry 
is based on several observations of the altitude 
of the satellite during the last 5 days of its 
lifetime. These altitudes were deduced from 
radar data on 1957 Alpha 1! obtained by: 
(a) the Lincoln Laboratory’ on 27 November 
at 2153 GMT, 29 November at 2137 GMT, 
and 30 November at 1944 GMT and 2114 
GMT; (4) the Stanford Research Institute’ on 


Tie 


Fig. 3. Comparison of observed and calculated 
altitudes during the final days of Satellite 1957 
Alpha 1 Lincoln Laboratory; Stanford Re- 
search Institute; Radar Establishment 
(Malvern, England). The solid curve indicates the 
calculated altitudes 


Royal 


The dashed curve represents 
the calculated altitudes on the assumption that the 
satellite fell during its last pass over the United 
States 


1 December at 0011 GMT; and (c) the Royal 


Radar Establishment” at Malvern, England, 
on | December at 0828 GMT. The altitudes 
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/btained from these radar sightings are indi- 
cated in Fig. 3. Fig. 3 also shows the calculated 
iltitudes resulting from the numerical inte- 
Che calculated altitudes are seen to 
in good agreement with the observed altitudes 
for all passes 


he 


[he penultimate measurement shown in Fig. 
is taken on the Stanford radar during the 
il pass of the satellite over the United States. 
The last measurement in Fig. 3 is that of the 
RRE radar at Malvern, obtained, as already 
noted, at 0828 GMT. It is interesting to note 
ven if both of these data are omitted, the 
comparison of the remaining observations with 
uur calculated altitudes indicates that the 
satellite could not have fallen during its last 
pass over the continental United States, nor in 
fact for several passes thereafter. For if we 
the last pass in the lifetime of the 
satellite to be that in which it crossed the western 
United States, the calculated altitudes then fall 
yn the dashed curve of Fig. 3. The differences 


fir 


that e 


assume 


THE SPI 


ROCKET 


between this curve and the data are well outside 
the probable errors for the observations. In our 
view Fig. 3 provides conclusive evidence that 
the satellite continued on for approximately 
8 hr beyond the pass over the west coast of the 
United States. 
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Abstract—When an electron beam of more than 10°5 eV energy traverses low pressure nitrogen 


the beam is surrounded by 


interpreted as an afterglow 


a diffuse glow emitting the first positive bands 


This light is 


It is attributed to metastable molecules, a'Il, which diffuse out of 


the space occupied by the beam, are thrown by collisions with normal molecules into the 


unstable state B°Il and then emit the first positive bands 
5 sec. This afterglow is compared with four other types of nitrogen afterglow. 


the order 5x 10 


1. NEW TYPE OF AFTERGLOW 


We want to call attention to a new type of 
nitrogen afterglow which has a duration shorter 
than those of the well established types 
Thompson and Williams‘ describe the light 


excited in nitrogen of low pressure (3 x 10 


mm Hg) by a beam of electrons. When the 
energy of the electrons exceeds 10:5 eV, the 
sharply defined beam is surrounded by a diffuse 
glow which emits the first positive bands limited 
by v=12. However, this radiation not 
simply identical with the Lewis—Rayleigh after- 
glow in which an isolated emission from the 
vibrational quantum numbers v’=11 and 12 is 
predominant. Here the quantum numbers 
from v’=12 down are well represented. Also 
theoretically we should not expect the Lewis 
Rayleigh afterglow since the triple collisions 
required for its excitation hardly occur at a 
pressure as low as 3» 10°° mm 

The authors explain the diffuse light as 
fluorescence The electron beam certainly 
excites among others the singlet level a'I1, that 
is, the upper level of the Lyman—Birge—Hopfield 
bands. The radiation from this level is assumed 
to produce fluorescence, that is, excite the same 
level in the gas surrounding the beam. 


1s 
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The time required for diffusion is of 


Collisions throw this level into the triplet level 
B’\l, which then radiates the first positive 
bands 

This mechanism, however, is not acceptable 
since it is incompatible with the metastable 
character of the level a'!l!. Herzberg’ dis- 
covered this metastability and confirmed it by 
reference to the absorption spectrum of nitrogen 
investigated by Birge and Hopfield This 
spectrum shows only very weak absorption of 
the Lyman-Birge-Hopfield bands. Even when 
photographed with one full atmosphere of 
nitrogen and a path length of 40 cm (quoting 
Herzberg) “the bands do not appear parti- 
cularly strong”. In the experiment of Thomp- 
son and Williams, assuming p=3 mm, 
we estimate the absorption to be smaller than 
in the experiment of Birge and Hopfield by the 
factor 2 « 10 Hence no observable fluores- 
cence can be expected 

We suggest that many metastable molecules. 
a'\l, produced in the electron beam, diffuse out 
of the beam and then either emit their spon- 
taneous radiation (the Lyman-Birge—Hopfield 
bands) or, as suggested by Thompson and 
Williams, are thrown by collisions with normal 
molecules into the unstable state B°IT, and thus 
emit the first positive bands. This hypothesis 
changes the character of the radiation observed 
from fluorescence to an afterglow and suggests 


the comparison with the other types of nitrogen 
afterglow. At the pressure of 3 x 10°*° mm Hg 
the mean free path is about 2 cm. Here the 
diffusion takes only slightly more time than 
that required to travel the distance of, say, 
2 cm with gas-kinetic speed, that is, 5 x 10 
sec. This then is an estimate of the lifetime 
of the metastable state as it is limited by 
collisions with N, moleculest. 


The process here considered (energy transfer 
from to is different from the process 
responsible for the Lewis—Rayleigh afterglow 
(excitation of energy transfer to B'Il). 
Hence it may appear as a mere coincidence that 
the highest vibration excited (v’ = 12) is in both 
cases the same. This, however, is well 
explained. In both cases the limit is given by 
the energy of dissociation of the N., molecule, 
although in the Thompson—Williams afterglow 
this limitation enters indirectly as follows. 
Herzberg’ discovered that the level a'll 
predissociates above its vibrational quantum 
v’ =6 (9-76 eV); that is, it suffers a radiationless 
transition to a pair of free atoms. Hence, at 
low pressure, this level cannot contain higher 
vibrational quanta and is unable to generate 
vibration of the B level beyond the same energy 
limit; that is, beyond v’ = 12 of the B level. The 
various vibrational quanta of the B level, wv 
from 12 down to 4, are presumably generated 
by the various quanta of the a level. Moreover, 
in any transfer from a to B some of the energy 
may be diverted to translation or rotation 


The interpretation here given leaves one 
difficulty unsolved. In the collision of the 
second kind, a transfer takes place from a 
singlet to a triplet state without a compensating 
transfer in the other molecule. This process 
violates the Wigner spin conservation rule 
However, the rule is by no means rigorous as 


+ W. Lichten'? measured the natural life time of 
the a'Il level to be 1:7 10~-* sec. It is worth noting 
how insensitive the other metastable state of nitrogen, 
4°S. is to collisions with normal N, molecules. This 
is the initial state of the Vegard-Kaplan bands which 
even in one full atmosphere of pure nitrogen are 
emitted with remarkable intensity.“) In a wide tube 
filled with an atmosphere of pure nitrogen they survive 
an appreciable fraction of a second.'®) 
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is evident from several other violations dis- 
cussed by Massey and Burhop“’. More recent 
evidence is presented by Aynard”’. 


2. SURVEY OF NITROGEN AFTERGLOWS 


These then are the fundamental processes 
responsible for the various types of nitrogen 
afterglow which differ by their durations and 
spectra. 


(a) The Lewis—Rayleigh afterglow is excited 
in the low pressure discharge. It is distin- 
guished by its long duration. It emits the first 
positive bands with a great preference for 
v=12 or Il. It receives its energy from 
recombining normal atoms®’. 


(b) Noxon"? investigated a related afterglow 
in pure nitrogen of atmospheric pressure. There 
the late stages of the afterglow represent a 
unique light source in which with increasing 
age the forbidden radiations become increas- 
ingly predominant. Presumably the metastable 
levels survive from the early stages of the after- 
glow. 


(c) Kaplan's’ auroral afterglow is excited 
by a low pressure discharge through very pure 
nitrogen. Its spectrum shows higher excitation, 
even bands of N;. Only its early stages may 
be supplied by recombining electrons and ions 
But principally it must be due to recombination 
of atoms, partly in metastable levels. No 
detailed explanation can be given 


(d) The recombination of ions and electrons, 
which takes place within milliseconds after a 
discharge, produces an afterglow whose 
spectrum is similar to that emitted by the 
auroral afterglow but in the red and infrared 
shows intense characteristic features” 


(e) The Thompson-Williams afterglow dis- 
»f short duration and is due 
to the diffusion of metastable molecules (a'!I1) 
from a beam and their later conversion to the 
level 


cussed above is 
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Abstract 


A secular change took place in the spin-fading rate during the three weeks of 


observation of the radio transmissions from Sputnik I, between 4 October 1957 and 24 October 


1957 


assumed atmospheric scale height of 30 km, we derive a value 


rhis effect allows a determination of atmospheric density near the perigee point 


For an 


38x10 g cm for the 


density at 220 km. Some fluctuations in the spin decay appear to be real, and may result from 


small changes in the orientation of the spin axis within the satellite. An al 


iternative interpretation 


in terms of charged drag resulting from motion of the satellite through the ionospheric plasma, 


requires a charge of at least 10* volts on the satellite 


auroral zone 


1. IDENTIFICATION OF THE SPIN 


SPIN-FADING showed most clearly on our records 
of south-going Sputnik I passages near Boulder 
Fig. | shows records covering a week of obser- 
vation during these morning passes, in which 
the spin-fading stands out from a_ rapid, 
ionospheric fading. We have attempted to 
align the spin-fading minima carefully, so that 
their basic periodicity will be evident from one 
record to the next. The period is about 44 sec 
for successive minima, and about 9 sec for 
alternate minima. The latter is probably the 
correct period, as shown by the top strip of 
Fig. 1. 

The morning passes here were characterized 
by appearance of the satellite first at an 
elevation of some 45° above the northern 
horizon, and a prolonged trailing-off of the 
signals as the satellite passed beyond the 
southern horizon. Depending on the orientation 
of the spin axis, the satellite will appear to 
rotate at a fixed rate (axis parallel to the orbital 
plane), or more rapidly (axis of rotation 
positive, in the right-handed sense, to the west), 
or less rapidly (axis of rotation to the east) than 
the true rate, observed in an inertial 
fixed to the satellite. If the axis points towards 
the west, the phase of fading minima, predicted 
from the true period, will decrease by about 
one-eighth of a rotation from first appearance 


system 


This charge might be acquired in the 


of the satellite to the point of closest approach 
As the satellite passes the point of closest 
approach and moves to the south, the phase will 
at first continue decreasing at about the rate it 
showed before closest approach and then level 
off at some constant phase as the satellite passes 


beyond the southern horizon. 

Fig. 2 illustrates the observed variation in 
phase of fading minima, computed for three 
possible true periods of spinning, for the close 


passage on 14 October 1958, at 1330 U.T. 
Clearly, the longest period, P=8-975+0-002 
sec, satisfies the criteria for a spin axis positive 
towards the west, and opposite in sense to the 
satellite's orbital angular momentum. The 
precision of this determination follows from 
the fact that the phase, at the end of the 
passage, should be constant within 0-1 rotations. 

A second requirement of the spin-fading is 
that it should show a nominally constant period 
from day to day. Fig. 3 illustrates our obser- 
vations of the spin period from the beginning 
of Sputnik I to the failure of its radio on about 
24 October 1957. Exclusive of the first day 
of flight, the satellite obviously spun at a more- 
or-less constant rate 

During the first 24 hr, our observations of 
Sputnik [ were virtually complete, because of 
the ease of identification of the keyed signal 
in the midst of noise, and probably also because 


4 
4 


at 


of the initial strength of the transmissions. At 
this time, a change in the spin period, so sharp 
as to be almost discontinuous over two revolu- 
tions of the satellite about the earth, took place 
We identify this initial slowing of the spin rate 
as the result of a discontinuous increase in the 
moment of inertia of the satellite about the axis 
of spin. One possible origin of such an effect 
might be the opening of antenna system 
initially separation of satellite 
and launcher, within the of the rocket 
A second possibility may be that Sputnik | 
behaved like Explorer I (1958 2), and shifted 
about its constant direction of angular 
momentum, until the spin axis lay in the 
direction of maximum moment of inertia 
We cannot decide between these alternatives on 
the basis of the present evidence 


the 


stow ed hef re 


hody 


2. DETERMINATION OF ATMOSPHERIC 
DENSITY 

Of more immediate interest is the 

decrease in the spinning rate from 5 October 

through 24 October. The only points failing to 


secular 


opproocn 


Or 
©. R47 seconds 
i 
seconds 


seconds 


Adopted Volue) 
SOP 
2c 30 50 60 70 
whole Number of Rotations 
? Phases. reckoned from an arbitrary zero 


point, of fading minima, plotted against number of 


spin rotations, also from an arbitrary initial value 


show the decrease are those for 10, and possibly 
9 October 1957. These points appear to be real 
discrepancies, im view of the precision of the 
determinations 
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PIN FADING PFRIO 


ar 
78930 


The period of spin-fading as a function of 


Fig. 3 


epoch in the life of Sputn 


The systematic effect results from aero 
dynamic drag between the rotating antenna 
system and the residual atmosphere near perigee 
in the orbit. The change in the spin rate is 
sufficiently small so that the angular rate of spin 
is substantially constant throughout a given 
passage. There will also be a dissipative torque 
ym the spherical body of the satellite. but this 
is minute in comparison with the torque on the 
intennas. If we assume that the system is two 
?S m dipoles made of tapered stubs, then it is 
likely that the dipole frontal area is comparable 
to the frontal area of the 58 cm sphere of the 
body 

The element of torque on a section of antenna 
s cm from the center of rotation (the center of 
the satellite body) is 


satellite 


/ DIV); R)s (1) 
Here, V is the vector velocity of the element of 
antenna on which a drag force 4D(V) is 
exerted. 42 is the unit vector in the direction 


of spin, and R is the unit vector (a function 
of time) directed out from the satellite body 
along the antenna. Where V, is the orbital 
velocity of the satellite, and is the magnitude 
of the angular velocity, in radians per second 
we have 


R (2) 
Also, letting ¢ (s) be the thickness of the antenna 
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Fig.1. Amplitude- -fading in the 20 Mc's signals from Sputnik | (1957 2 2). The vertical divisions are at 
intervals of 0-5 sec. The satellite was high and to the south of Boulder. These strips show the syn- 
chronization of the spin-fading on morning passes, over an interval of one week (12 October through 
18 October 1957, 15 October missing). Note also the double periodicity of the top strip 
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s cm from the satellite body, we write the aero- 
dynamic drag in the form 


6D (V)=Cot (s) 


R pV'ds (3) 


In equation (3), Cy represents the drag coeffi- 
cient, of order unity, and p is the local atmos- 
pheric density at the position of the satellite 
Che torque has the sign of V . (42 «R). If the 
satellite antenna is s, cm long, then the total 
torque exerted by the antenna is 


R > sds (4) 


When we substitute equation (2) in equation (4), 
there results 


. (RxV,) sds 


+Cyp f(s) sds. (5) 


(\ +282 . (Rx V, jos 
(42 (6) 
We now expand the square-root in terms of the 
‘ V 
small quantity Let ' R=cos 4; then 
V~R V, sind + a2. 
sin 
(7) 
where the expansion is valid only when 
and sind>0O This condition 
sin 
will be satisfied unless the spinning antenna 


comes within a degree of the orbital direction, 
and is therefore quite unrestrictive. When 
equation (7) is substituted in equation (5), we 
find three terms, inclusive of first order terms 


in 


L=CypV, . (42 «R)V, sind | t(s) sds 
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or ds 
sino J 


CypV,, (22 « sin r(s)s ds (8) 


0 


We now develop the vector function R (1) 


rig 4 


senting the cor 


Cartesian 


co-ordinate system for repre- 


“ponents of R(t) 


We introduce a 


cartesian co-ordinate system 
+), with z-axis lying along the orbital 
velocity, and the y—z plane containing the spin 
axis, 42. The instantaneous direction of the 
antenna 1s defined by spherical co-ordinates ‘ 
\. Let y be the angle between the spin direction 
and the orbital velocity. We measure time from 
the moment that the instantaneous antenna 
direction lies in the y—z plane, within 90° of 
the orbital velocity. Finally, let 8 represent the 
angle between the antenna and the spin axis 


(see Fig 


180 }>0O, and & is assumed to be a fixed 
ingle. Then 
¥.=(, 0, V,), (9) 
42 =(0, sin y, cosy), (10) 
R=(sin4cosaA, sindsinA, cos 4) 
(— sin Ssinwt, cos 8siny — sin8cosycoswrf, 
cos Scosy + sin 8 sinycoswf). (11) 


Substitute equations (9), (10), and (11) in the 
Then 


first term of equation (8). 


45 

Yo 

2| 
| 

é 
| 
9 
x 
where 


sin 6 sin wt sds. (12) 


CypV, sin y sin 4 
This term is an oscillating function of time, 
which does not contribute to the decay of the 
spinning. The second and third terms of 
equation (8) become 


CypV -(sin® y sin® wf + sin? 4) ds. 


(13) 


Therefore, the integral of the torque over one 
spin period becomes 


I 


{ rat CypV, sin® 2A(B, y) | (14) 
where 
A (8, y) (sin® y sin*® 6 + sin? 6) (15) 
sin « 
and 
cos 6= cos 8 cos y + sin sin y cos @. 


The integral, equation (15), is unfortunately 
elliptic, owing to the presence of the square- 
root, | , in the denominator. In order 
to proceed further, we expand the root (to the 
first order) in a series in cos’ 


cos*r 


A(8,y)= (sin y sin® 6 + 6) (1 + 4 cos? 4) dé 


(16) 


This approximation limits the accuracy of the 
remaining work to values of greater than 
about 20 With the notation 


(17) 


COs ¥y, 


cos 


(18) 


J W. WARWICK 


We have now to relate the drags produced by 
each of the four antennas. Assume that the 
antennas occur in orthogonal pairs, and there- 
fore define a plane. For a single antenna and 
its opposite, we have @, 8 and 180° + 6, 180° — 8, 
respectively. The opposite antenna simply 
doubles the effect of a single antenna. To 
relate the effects of the pairs, we introduce the 
azimuthal angle, z, between the conjugate 
antenna and the spin axis, as measured with 
the first antenna pair as a pole. Denoting the 
pairs by subscripts, we find that 


cos 8, = — sin 8, cos 2. (19) 


The sum of the effects of all four antennas is 
then 


P 


ldt 


4xCypV (16s) sds 


‘ya + (1 — v3) sin? 2) 4 


25 
16" 


‘(2 
16 4 


x (cos* z — cost 2+ (1 + cos* 2) v7) 4 


cos® 2 — (cos*z —2 cos® 2) v7 + (1 — cos® 2) | 
(20) 


The angles z, 8 are not known for Sputnik I. 
On the other hand, we showed in Section 2 that 
the spin axis lay to the west on at least one 
morning passage of the satellite near Boulder. 
Therefore, we assume y= 90 Without, for 
the moment, justification, we take cos? =v? —4. 
Then equation (20) becomes : 


( 0 


The first integral, over the arbitrary time 
interval (f,—f,), of the angular equation of 
motion of the spinning satellite is 


46 
10 
i 
16 4 16 


a 


(f,)=wo (f,) - j { rat, 


the satellite’s moment of inertia 
about the spin axis. This moment is the sum 
f the moment of the satellite body proper, 


W her / is 


which we shall neglect, and the antenna 
moment, which takes the form 
m (s) s°ds. (23) 


m/(s) is the mass distribution per unit length 
of the antennas. Suppose that the antennas 
consist of thin-walled aluminum tubing, with 
walls 0-15 cm thick. If the tubing is of constant 
skin thickness, the detailed configuration of 
the antennas cancels from the expression for 
the change in period. For thin-walled tubing 


1-273 t(s)cm (24) 


where we assumed that the antenna material 
had a density 2:7 g cm (aluminum). 
Equation (22) becomes, for a constant value 
of p in the interval (t, — t,) 


CypV 


F 25) 
«RY ( 


(t,)=© (ft) 16-0 


We return to the assumption that 
= COS" 2 
Equation (25), in the denominator, has the term 


(42 +R) =2(1+(1 v2) sin? 2). (26) 


which is 5/2 under the assumed values of 2 
and £,. These are only probable, or average 
values; however, the leading term of equation 
(20) contains the same dependence on these 
angles as equation (26). The exact values of 
z and therefore do not enter the problem 
sensitively. Assume that V,=8 x 10° cm sec 
then equation (25) becomes 


= (t,) — 5-02 x 10°C ap. (27) 


is in g cm and 


per spin period, where p 
is in rad sec 

Before we can compare this result with the 
compute 


observations, we must the total 
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decrease in spin rate over one perigee passage. 
Since the satellite moved in a slightly elliptical 
orbit, the density at the position of the satellite 
varied with time. We therefore rewrite equation 
(27) in the form 


dt 


(28) 


© (t,)=© (t,) 5-02 x 10°Cy | p(t) 


lhe integrand is effectively non-zero only when 
time of perigee passage. 
The radial motion in an elliptical orbit for 
eccentricity, e, even as small as 0-05 (the value 
for Sputnik I), is large in comparison with the 
few tens of kilometers over which the atmos- 
pheric density varies exponentially. We there- 
fore may write the height of the satellite as a 
quadratic function of time near perigee passage 


h=h, + 


r, equation (29), is the radial component of 
the acceleration of the satellite in its orbit, and 
is given in terms of the orbital elements by 


tis quite close to f,, the 


br (t—1,)°. (29) 


(30) 


at the perigee point. /, is the perigee altitude 
of Sputnik I (about 220 km), 7, the period 
(5760 sec), and a, the semi-axis major (6-6 x 10° 


cm). We represent p(h) by the exponential 
function 

(h—h,) (31 

p=p,e H 31) 


where H is the scale height of the atmosphere 
at the perigee point, and p, is the density of 
the atmosphere at that point. We shall assume 
that H=30 km Substituting equations (29), 
(30), and (31) in equation (28), and letting the 
and f, extend we find that 
the change in spin rate for one perigee passage 


1s 


Lor 
to 


values f 


Ao x 10°C yp 


[he measured value of Aw (see Fig. 3) 
corresponds to 1:02 sec in 18 days. Since the 
satellite made nearly 15 revolutions of the 
earth each day, this value implies a deceleration 
of 10~-* rad sec~', per passage. Dividing 
equation (32) into this value, we find that 
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(22) 
22 
3 
t 
4x? ] e 2 i 
l-e 
= 
(32) 


Cyp, =7°6x 10—-* g cm (33) 
For a drag coefficient Cy =2' 
p, g cm (34) 


3, FLUCTUATIONS IN SPIN DECAY 
As noted earlier in Section several of the 
*‘xpermmental points on the curve 
(bie 3) 


imounts exceeding by a 


yf spin decay 


depart from a smooth curve by 
considerable margin 
the experimental errors of determina- 
tion of the Furthermore, the 
en increase in 
ver short intervals of time. Possibly 
f such effects is that 


1 single 
period 


st that the spinning may 


ywnts 


frequency 
the simplest explanation 
the orientation of the satellite about the constant 
direct yf spin angular momentum changes 
Such an internal 
would allow shift 
f greatest moment of 


to be 


shehtly from time to time 


dvnamic mechanism any 


from the direction 
ind to 
elled by a shift back to the stable condition 


mertia some faster spinning rate, 


can 
On the other hand, if the satellite already spins 
about the direction of greatest moment of 
the additional sharp decrease in spin- 
m 10 October 1957 


inertia 


ning rate. such as occurred 


easily explained 


then cannot be 

What is required is an external mechanism 
which. for brief intervals of time. ts capable yf 
increasing the drag by considerable amounts, as 
after a brief decreasing the 
effect by correspondingly large amounts 
Although we will not, in this report, develop 
1 detailed theory of the anticipated effects, if 


well as interval 


mav be useful to set an upper limit to the con- 


ditions required for the ionospheric, or plasma, 


drag on the satellite’s spinning to be commen- 
surable with the ordinary, aerodynamic effects 
considered in Section 


One mechanism is suggested by the work of 


Jastrow and Pearse’ on “charged” drag on a 
spherical satellite. Here, the drag results from 
the fact that the satellite tends to become 


rapidly moving 
As the satellite 


negatively charged by the 
electrons of the ionosphere 


moves through the relatively stationary positive 
ions, the ions are attracted to the satellite, and 
momentum is transferred from the satellite to 
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the ions. The question of the sign of the trans- 
ferred momentum depends, in their work, on 
an integral over all colliding ions, which impinge 
on the spherical satellite at various points over 
its surface. An ion acquires an electron just 
before impact, and therefore may reflect from 
the satellite at energy including not only the 
relative kinetic energy but also the additional 
of the negative charge on the 
This additional energy may con- 
ceivably result in an acceleration of the satellite 
at the ultimate expense of the energy of the 
spheric elect 

We shall set an upper limit to the magnitude 
of the effect 
by the 


potential energy 


satellite 


The largest potentials acquired 
likely to result from the 
f high-energy electrons responsible 
for the 10 to 100 kV X-radiation observed in 
Suppose therefore that the 
satellite acquires a potential of 10° V 

efficient acceleration will occur 
when an ion encounters the preceding antenna 
in the direction of the satellite’s motion 
through the neutralized, and 
recoils in the direction opposite to the direction 
of satellite motion, with the full energy corres- 
satellite's potential of 10° V 
, and introduce 


satellite are 


streams 
the auroral zone 
The most 


(moving 


ionosphere). is 


ponding to the 
Let the satellite’s potential be 
the velocity 


(35) 


where « is the charge, and m,, the mass of the 
ion The change of momentum, under these 
optimistic conditions, for an ion encountering 
the preceding side of the antenna system is 


Ap al Vo). (G6) 


where 46V,, is the increment of velocity due to 
the spinning of the antenna system. Similarly, 
an encounter with the receding side of the 
antenna system produces a_ change of 
momentum 


=m + V2 +8V,, - V,).37) 


The pressures on the two sides are, respectively, 
N.(V,, +4V,) AP ores 


N,V, 8V,.) (38) 
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where WN, is the number of ions per cubic centi- 


meter. The differential pressure, across the 
antenna system, then is 
2Vi+V? 
(39) 
\ | t 


Equation (39) should be compared with the 
similar expression derivable from aerodynamic 
drag, that is, 

bP =4mNV (40) 
In equation (40), m is the mass of an average 
air molecule, and N is the number of such 
particles per cubic centimeter. 

rhe ratio of these two pressures is 


OP, ,mN, 1 H 


oP mNV, 
where we have introduced two additional 
factors, f, and g; f to represent the increased 


scale height, H., of the ions over the scale height 
of the neutral atmosphere, and g to represent 
the larger cross-section of the charged satellite 
antennas for collisions with ions 

Roughly speaking, we may evaluate f and ¢g 
as follows. From equations (28), (29), and 
(31) we conclude that effects of scale height go 
as the square-root of the scale height. Assume 
that H., the scale of the ionosphere, is about 
300 km. Then, f~3. From Jastrow and 
Pearse’s’ equation (7), we estimate g to be 
roughly 20, for a satellite potential of 10° V, 
the potential of auroral zone electrons. Then 
P 
The 
energetics of the problem do not rule out the 
possibility that charged drag played a role in the 
decay of spin in Sputnik | 


4) 


V.=2-6x 10’ cm sec and |. 


4. CONCLUSIONS 

We identify the spin of Sputnik I (1957 22), 
and determine its orientation in space from 
the nature of the phase variations of the fading 
curves near point of closest approach. Appar- 
ently, at least on 14 October 1957 at 1330 U.T., 
the satellite spun with its spin angular 
momentum directly opposite to its orbital 
angular momentum. The spin, studied as a 


function of epoch in the life of Sputnik I, slows 
down, or decays, 
of rad 


at a more-or-less steady rate 
sec” per orbital revolution. 
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[his decay may be interpreted, without any 
strong assumptions on the satellite geometry, 
as a result of aerodynamic drag between the 
satellite’s antenna system and the residual 
atmosphere near the perigee point, 220 km 
above the surface of the earth. The derived 
density value, 3-8 x 10 g cm~* agrees with 
values’ derived from the change in period of 
revolution 

On the other hand, the density values derived 
from spinning depend on an easily measured 
quantity, the spin-fading period as a function 
of time. Fluctuations in this quantity can be 
studied in greater detail than fluctuations in 
the period of revolution. Fluctuations in spin 
rate exist and make attractive the possibility 
of using spin-fading to study the dynamical 
effects of the interaction of the satellite with 
the ionospheric plasma. Our rudimentary 
approach to this problem concludes that such 
interactions may occur for Sputnik I, but must 
in any event take place in the highly energetic 
electron streams of the auroral zone 

[he launching of future satellites, with 
different perigee distances, offers possibility of 
further observations of atmospheric density 
from spin rates. We suggest that for this pur- 
pose at a spinning satellite is desirable: 
the orientation of the antennas, and conse- 
quently, the polarization of the emitted waves, 
can be inferred without any stabilization 
apparatus being carried aboard the satellite 
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means of radio astronomy techniques, measurements of atmospheric absorption 


id scintillation were made t C band (4700 Mec s). with the sun as a source of 


cy The equipment comparison-type radiometer, used traveling-wave 


and an altazimuth antenna mount. The average solar 
000° K at zero elevation to 26.000°K at 60 
idines ranged bet en 18.000°K and 70.000 K. The mean abs rption 


r the perl d ried from 7? 


based on average r temperatures at the various elevations for the period, was 000348 
dB km. Refractive errors were approximately the same as optical although deviations from 
the mean during any day were large. Atmospheric scintillation for periods ranging fom 0°5 sec 

were recorded. Scintillation amplitudes ranged from 2 per cent to 20 per cent of 
untenna signal temperature at low angles. At high elevation angles, scintillations rarely reached 
10 per cent and were generally less than | per cent 


1. INTRODUCTION 2. EQUIPMENT 


Durinc the month of July 1957, measurements The receiver was a radiometer of the Dicke 
were made at 4700 Mc’s on atmospheric type, using a three-stage traveling-wave tube 
absorption, refraction, and scintillation, with amplifier receiver. The frequency of the tubes 
the sun as the source of radiofrequency energy. built by Federal Telecommunications Labora- 
The equipment used was a new type of radio- tories is centered on 4700 Mc/s. A filter of 
meter utilizing traveling-wave tubes in a tuned 800 Mc/s bandwidth and a detector followed 
radiofrequency receiver instead of the usual the TRF sections. The noise figure of the first 
superheterodyne circuit stage was 14dB 
The equipment was set up at Ipswich, A block diagram is shown in Fig. | 

Massachusetts, on a site overlooking the ocean The antenna on a altazimuth mount was a 
Measurements were taken at sunrise during the 6 ft parabola with Cutler feed and horizontal 
month of July 1957, and approximately 19 days polarization. Its measured half-power beam 
of data recorded and analyzed. As inthe study angle was 2°69 


e 


at other microwave and meter wavelengths A *) c/s mechanical chopper wheel arrange- 
the drift technique was used whereby the sun ment furnished the switching between antenna 
was allowed to pass through the center of the and the 300°K black body matched load signal. 
antenna at a series of arbitrarily chosen A 16 dB noise tube and suitable precision 
iltitudes Time signals from WWYV _ were attenuator were used to check system operation 
recorded on the charts to indicate the time of and furnish temperature calibration for signals 
passage of the radio center of the sun through The output from the filter and synchronous 
the antenna pattern detector was fed through the integrator unit to 


Abtect 
refraction, 
y 
; tubes tuned radio f 
al tian Ind 
ag 
= 
4 


1 recording milliammeter with a 0-5 sec time 
constant 

[he basic advantage of the traveling-wave 
tube radiometer lies in its wide band. Since 
the minimum detectable signal is inversely 
proportional to the square root of the band- 

idth, the sensitivity of this unit was five times 
that of a 10 Mc/s superheterodyne (effectively 
20 Mc/s since both sidebands are normally 
used in the microwave superheterodyne). 

In initial equipment tests in June 1955, the 
Dicke system was found necessary since with- 
ut the comparison technique the long term 
drift was considerable. In this first series of 
tests taken with the TWT radiometer, a peak- 
to-peak power fluctuation of the equipment 
corresponded to temperature changes of about 
|K for a response time of 4 sec as compared 
with about 5°K for a superheterodyne radio- 
meter having the same noise figure and response 
time. When the gain stabilization features 
(signal chopper and synchronous detector) are 
deactivated the long term drift becomes severe 
but the device maintains its short term sen- 
sitivity 


3. ABSORPTION 


Although theoretically it is not possible to 
simultaneously measure refraction and ibsorp- 
tion by means of the drift technique described 
fairly good atmospheric absorption data can 
be obtained. The measured antenna tempera- 


mi 
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Fig. 1. Block diagram of C-band traveling-wave tube radiometer. 


ture when the sun sweeps across the antenna 
pattern consists of two components, the solar 
and the sky temperatures. Since the angle 
subtended by the suit at 4700 Mc/s is approxi- 
mately 35° and the antenna beam angle is 
2° 41’, the contribution of the sky must be sub- 
tracted from the total reading obtained. 

[he ratio of the solar temperature thus 
obtained at an elevation angle of 60° to that 
obtained at an elevation of 1° 30’ is the attenua- 
tion. To obtain the difference in the length of 
path, the solar signal has at 1° 30’ been trans- 
mitted through a path length of 152 statute 
miles while at 60° of elevation the path length 
is only 8 statute miles The ratio of the 
resultant solar temperature values for the 
various elevation angles is plotted in Fig. 2 


Jas a function 


Fig. 2. Attenuat on( 10 log 


r 


of path difference 


The effective height of the atmosphere used 
was 6°9 statute miles Ihe 1° 30’ value was 
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chosen because the solar temperature recorded shorter wavelength measurements by Van 
could be read more accurately than the zero Vleck However, the extremely long path 

vation horizon signals. The mean absorp- lengths inherent in radio astronomy techniques 
tion recorded was 0-0056 dB per statute mile 


vields more accurate results for determining 
This value is lower than that extrapolated from total atmospheric absorption 


Fig. 3. Zero elevation angle drift curves of the sun. a—presunrise sky noise followed by drift curve, 
30 July 1957. Scintillations 15%, of antenna temperature. b—low scintillation drift curve, 15 July 
1957. Scintillations 6%, of antenna temperature. c—large scale long period scintillations, 19°, of 
antenna temperature, 20 July 1957. 
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4. APPARENT SKY TEMPERATURE 

Each day, to determine the percentage of 
signal contribution from the ambient surround- 
ings and the sky, background temperatures were 
recorded at the same elevations and azimuths 
as the solar recordings [he average value 
ranged from 106°K with the antenna pointed 
at the over-water horizon to 80°K at an 
elevation of 60 The deviations from this 
mean were plus and minus 4°K at 60° of 
elevation 

The term, apparent sky 
applied to the measurements because of the 
difficulty in evaluating the side lobe contri- 
bution, particularly at low angles of elevation 
Equivalent ground temperatures vary as a 
function of weather conditions as well as of the 
composition of material (roads, roofs 
hills). Since the azimuth of the antenna point- 
ing is changing during a single day’s run and 
from day to day at a constant elevation. a 
constant term cannot be used as the antenna 
side lobe and back lobe contributions 

While the small range of high angle antenna 
temperatures given in this section are not 
absolute sky temperatures, they do indicate the 
relative constancy with weather of the reflecti- 
vity, absorptivity, and emission of the sky in 
this frequency region. The day-to-day varia- 
tions were not greater than the detection 
sensitivity of the radiometer. For each day the 
sky measurements were relatively constant from 
10" to 60° of elevation. This may be con- 
trasted to the data at K, band where the 
temperature fluctuations at high angles varied 
from 38°K to 120°K. At 9300 Mc/s the range 
was from 54°K to 67°K at the same elevations. 


temperature, is 


water, 


5. SCINTILLATIONS 


For the purposes of illustrating the types of 
scintillations present during the movement of 
the sun across the antenna pattern, several 
records are reproduced. Fig. 3 is a series of 
records taken at zero elevation. In Fig. 3a a 
run is shown just before the edge of the sun 
has appeared. The stability of the sky-ground 
temperature and the equipment is evident by 
the straight line from 0423 to 0430. As the 


edge of the sun appeared a deflection to the 
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As the sun signal 
increased the milliammeter was switched to a 
reverse direction and the sun swept across the 


right was recorded at 0430 


antenna pattern. The quiet background signal 
at zero elevation is ample proof of the scintil- 
lation cause being a source, point or extended. 
acting on the atmospheric screen. At this 
wavelength, individual blobs in the atmosphere 
do not produce selective or periodic absorption 
of the sky background Scintillations are 
present only when a source is present 

[Throughout the recordings a time constant 
of 0-5 sec was used. Each record is taken at 
a different gain scale; therefore the illustrations 
must not be compared on the amplitude scale 
presented in the figures. In Fig. 3a the scintil- 
lation peak to peak amplitudes were 15 per cent 
of the maximum antenna signals. Periods of 
the order of 10 to 15 sec predominated. A 
heavy fog was over the area. 

Fig. 3b illustrates a quiet run with peak-to- 
peak scintillations of 6 per cent of the imphi- 
tudes. Long periods of the order of 20 to 25 
sec predominate. The weather conditions were 
overcast 

[he longest period scintillations observed are 
shown in Fig. 3c. Fluctuations longer than a 
minute in period are shown between 0425 and 
0428. A peak-to-peak variation was 19 per 
cent of the antenna signal during the fair 
weather solar scan 

In the range of elevations 3° to 7-5°, three 
illustrations have been taken from the records 
Che first two, Figs. 4a and 4b, were drift curves 
at 3° of altitude. In Fig. 4a moderate scintil- 
lations of 13 per cent of the antenna tempera- 
ture are observed. Both fast fluctuations of 
periods | to 3 sec are seen as well as the longer 
period scintillations of 15 to 40 sec period 
During that period on 31 July when the drift 
curve was taken, a fog was over the antenna 
site. A second curve, made at the same 
elevation of 22 July, showed extremely deep 
fades of the order of 20 per cent of antenna 
temperature or greater. Only the long period 
scintillations were seen and the fast fluctuations 
of Fig. 4a are not present 

Normally, at an elevation angle of 7-5°, the 
scintillation amplitudes are decreasing with only 
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s4 JOHN P. CASTELLI, JULES AARONS, 
5 of 20 periods analyzed having detectable 
fluctuations. A high amplitude example is 
shown in Fig. 4c where the prevalent period is 
1 sec but longer period fluctuations are also 
evident. 


Fig. 4. 
vation, 31 July 1957 


CARL FERIOLI and JOSEPH CASEY 

Typical high elevation drift curves are shown 
in Fig. Sa. Fluctuations in signal were less 
than | per cent of the antenna temperature. 
Calibration signals are seen at 0823. The 
antenna elevation was 40°. 


Scintillations at 3° and 7° 30’ of elevation. a—moderate amplitude scintillations at 3° of ele- 


b—large amplitude, long period scintillations at 3° of elevation, 20% of 


antenna temperature, 22 July 1957. c—relatively large (4%) short period fluctuations at 7}° of 


elevation, 1 August 1957 
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On 2 August 1957, at the antenna elevation 
of 15°, sudden fluctuations were seen at the 
beginning of the drift curve (Fig. 5b). They 


stopped abruptly and a normal quiet run com- 
These short period fluctuations were 
of the order of 7 per cent of the antenna signal. 


menced 


Fig 5. High elevation angle drift curves. a—quiet reading with scintillations less than 1 


Similar high angle scintillations are seen in 
Fig. Sc where the burst activity rises to 11 per 
cent of the antenna signal, falls to a quiet level 
and repeats this pattern several times. Periods 
of 1 sec predominate. 

Fig. 6 summarizes the data on scintillation 


, of the 


antenna signal. Calibration signals are illustrated. Angle of elevation 40°, 31 July 1957. b—sporadic 
fluctuations at an elevation angle of 15° on 2 August 1957. Fluctuations are 7%, of antenna temperature 


c—sporadic fluctuations at an elevation angle of 40° on 1 August 1957 


antenna temperature. 


Fluctuations are 11% of 


: 
< 
x 
rid 


JOHN P. CASTELLI 


Fig. 6. Antenna elevation. Peak-to-peak fluctua- 
tion (percentage of antenna temperature) as a 
function of antenna elevation 


implitude as a function of elevation angle 
Above 12° the fluctuations were less than | pet 
cent of the signal The data reveals that 
the peak-to-peak fluctuation varies with the 
cosecant of the angle of elevation 

In all likelihood the scintillations are due to 
many factors. The evidence is that at high 
elevations we are observing short solar bursts 
Pointing to the solar origin of these bursts are 
the rapid onset and decay of the fluctuation 
plus the correlation between days of high solar 
ictivity and high elevation short-period bursts 

The low angle scintillations are always 
present, indicating their atmospheric origin 
Correlation between scintillation amplitude and 
many meteorological parameters at ground 
level (barometric pressure, wind speed and 


direction, etc.) were unsuccessful 


6. REFRACTION 


Uulizing the drift technique, refraction is 
measured by comparing the time of transit of 
the sun through the antenna pattern (the 
ipparent as refracted position) with the astro- 
nomicaliy calculated posiiion of the center of 
the sun’s disk for this time. The difference 
between the true position and the apparent 
position of the sun as a function of antenna 
elevation is graphed in Fig The nominal 
astronomical refraction utilized by various 
almanacs was used for the optical curve 


7. SUMMARY 


The evidence on refraction on this and on 
the previous experiments conducted by the 
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Fig. 7. Mean refractive error (radio and optical) 
as a function of altitude of the sun 


group '’ are that in the microwave region, the 
average refraction is the same as in the optical 
region. Experimental results indicate that 
during a particular day there might be consider- 
able fluctuations about this average. 

Low angle amplitude scintillations are always 
present and can be of large amplitude with 
longer periods prevailing. At higher angles 
the fluctuations are probably solar in origin and 
are of short period and small amplitude. While 
the origin of the scintillations is probably 
meteorological no correlation of scintillation 
amplitude at low angles and commonly 
measured meteorological parameters was noted 

The absorption measurements yield a value 
of 0-00348 dB/km. The extremely long path 
lengths used in radio astronomical techniques 
perform an unusual method for propagation 
measurements at wavelengths that undergo 
relatively low atmospheric absorption 
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HYDROGEN EMISSION AND TWO TYPES OF AURORAL SPECTRA 


G. L. GALPERIN 


Institute for Atmospheric Physics, Academy of Sciences of the U.S.S.R., Moscow 


dispersions of 85-95 and 200 A/mm respectively 
Loparskaya station of this Institute where the geomagnetic latitude is 64 


include the intensity of H,, with 
(1) K-index 
(2) The atomic lines of Ol, OII, NI, and NII 


(Received 25 September 1958) 


Abstract— Various characteristics of auroral activity have been correlated with the hydrogen 
emission. This emission has been studied with the CII-48 and CII-47 spectrographs having 


The observations were made at the 
The correlations 


(3) The molecular bands 1 NG and 2 NG of N+ and 1 NG of 0, 
(4) The intensities of H, and H, as well as their profiles 


(5S) Radio reflections 


THe formation mechanism of auroras can be 
studied directly by investigating their hydrogen 
emission. Investigations by Vegard"’, Gartlein'” 
and Meinel’’’? revealed some important proper- 
ties of the latter: considerable intensity 
variations relative to the brightness of auroras, 
the Doppler character of its line widening, and 
the dependence of the line profiles upon the 
angle formed by the line of sight of the spectro- 
graph and the magnetic force line. Later 
evidence points to the absence of a definite 
relation between the appearance of a hydrogen 
emission and the K-index of the magnetic 
disturbance, so that hydrogen emission is apt 
to appear at the initial stage of an aurora, 
especially when the latter has the shape of a 
homogenous arc and some more data. How- 
ever, the accumulation of experimental 
evidence, especially that bearing on hydrogen 
line profiles, has been greatly hampered by the 
weakness of hydrogen emission from auroras 
and by the small resolving power of the 
instruments used. 

During 1955-1958 at the Loparskaya station 
of this Institute, located in the auroral zone 
(geomagnetic latitude, »=64°), spectrograms 
of auroras were taken using a CII-48 spectro- 
graph with a dispersion of 85-95 A/mm. 

The spectra thus obtained can be distributed 
between two extreme types’. The first type is 


km Ae 


Fig. 1. Hy and H, profiles in the magnetic zenith 
on 16-17 February 1958, CII-48, dispersion 87 
and 95A/mm respectively. These profiles are typical 
for a series of hydrogen line profiles obtained at 
Loparskaya ( 64°), Roshchino (?%=-57°) and 
Zvenigorod (?=-51°). The measured value of 
decrement 0-80. 
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peculiar to high red auroras of type A. Its 
atomic lines Ol, OIL, NI, and NII and its [OT] 
emission at A 6300-6364 A are relatively strong, 
while its molecular bands | PG and 2 PG of 
N, and | NG of O+ are weakened. This type 
of spectrum is also characteristic of low latitude 
auroras, where the bands | PG of N, may 
be absent altogether The second kind of 
spectrum is peculiar to low yellow greenish 
auroras and is characterized by intense mole- 
cular bands | PG and 2 PG of N, and 1 NG 
of O; and by an [Ol] emission at A 5577 A 
The | NG bands of N+ can attain a consider- 
able intensity in either type. Further details 
will be published elsewhere by A. B. Korotin 
Hydrogen emission is much more often 
observed in the first type of spectrum than in 
the second. More than once it was obtained 
when the spectrograph was directed solely to 
high red auroral forms Thus, hydrogen 
emission appears to be correlated somehow 
with emission at A 6300-6364 A and with the 
permitted lines OL and OM. Its correlation 
with NI and NII lines is less pronounced and 
sometimes even entirely absent 

Besides high dispersion studies of auroral 
spectra, spectrograph CII-47 with a dispersion 
of 200 A/mm and | hr exposure was used at 
Loparskaya in 1956-1958 for patrol obser- 
vations for appearance of hydrogen emission 
Its slit was divided into three parts, directed 
respectively to the magnetic horizon, magnetic 
zenith, and the white diffuse surface which gave 
the average luminosity of the sky. Later the 
third part of the slit was directed to the south 
A considerable amount of successive spectro- 
grams for auroras, part of which was taken in 
clouds, has been studied, and by now it is 
possible to make some conclusions on the 
character of the appearance of hydrogen 
emission 

The intensity of the H. emission is rarely 
above 200 rayleighs, though sometimes it attains 
several thousands ravleighs (24-25 March 
1958). Most of the earlier estimates were based 
on such unusually high values. Our results are 
in agreement with the spectroelectrophoto- 
metric measurements made by Hunten™. The 
intensity of the emission varies slowly, and 
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generally the H, line is observed on several 
successive | hr exposures, though sometimes it 
may disappear during the night, reappear again, 
and so on. Once it was observed on nine 
successive nights (18-28 January 1958), and its 
appearance on two or three successive nights 
was very often, though it did not continue 
throughout the night. The intensity of the 
hydrogen emission is not correlated with the 
intensity of auroras. A rather faint aurora may 
sometimes follow an intense and long emission 
of hydrogen (16-17 February 1958) 

Most often the H,. line is observed simul- 
taneously on all three parts of the spectrogram 
during several hours on end, but the relative 
intensity of the emission in the different 
directions varies throughout the night. This is 
because the region of hydrogen emission moves 
across the sky. At the outset of a polar display 
it ordinarily appears in the north and moves to 
the south, and by the end of the night some- 
times the reversed motion may be observed 
(16-17 February 1958). In the middle of the 
night the character of the variations is not 
defined clearly, though hydrogen emission has 
been rather frequently observed at that time. 

In general, hydrogen emission is observed 
very often, and nearly half of the spectrograms, 
taken from most varied auroral forms and 
phases, reveal its presence. The most frequent, 
however, is its appearance with quiet forms 
without the ray structure, and especially with 
red forms of type A characterized by enhanced 
lines at A 6300-6364 A. 

Several different investigators have noticed 
the tendency of hydrogen emission to appear 
in early phases of an aurora. The present 
observations showed that in a number of cases 
it appeared simultaneously with a faint auroral 
light and attained a maximum intensity one to 
two hours ahead of full auroral development. 
What is more, in some cases hydrogen emission 
has been stated to start before any auroral 
forms could be observed visually, and only one 
to two hours later did an intense yellow 
greenish auroral light burst into view. By that 


time the hydrogen emission may cease almost 
completely, as it did, for instance, on 21-22 
November 1957 and on 11-12 December 1957. 
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Fig. 2. The hydrogen emission is simultaneously observed in the northern, zenith and southern direct- 
ions in the absence of aurora During subsequent hours an intensive auroral display takes piace 
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Fig. 3. The spectrum obtained under a clear sky and complete absence of a visual aurora. There 
can be seen the emission of H» and of Ni, Nil, 0! and N 
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Recently, Romick and Elvey’” came to similar 
conclusions from observations south of the 
auroral zone 

The very faint emission that appears simul- 
taneously with hydrogen emission. preceding 
any visual auroral form, has a spectrum 
characteristic to the first, “atomic”, type 
(spectrograms with a dispersion of 85 A/mm). 
On this ground it may be supposed that the 
spectra of high auroral forms, having atomic 
lines with high excitation potentials, which we 
have referred empirically to the first type" 
ited by interactions with stream 
lhe main energy of light emission 
from bright auroras is evolved in later phases 
% their development and is not necessarily 
the presence of hydrogen 
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mission 
average estimate of the emission altitudes 
in be obtained on the following considerations 
We may assume that the growth of the A 6300 
to A 5577 A intensity ratio in the average is 
| to increase in altitude (it can also be 
related Then, from the value of 
this ratio as measured on the spectrogram, the 
altitude can determined 
illy. Such estimates of average emission 
iltitudes have been made from the plotted ratio 
f red line to green, as recently published by 
on the basis of 
Although Seaton’s curve is far from being quite 
certain, it may still be inferred from the obtained 
stimates that in many cases hydrogen emission 
is connected with light emission altitudes higher 
than 120 km 

After three years of observation the 
CIl-48 spectrograph, we have a considerable 
number of spectrograms with a resolution limit 
ff 2-3 A, which permit the profiles of H,, Hy 
ind H, lines to be determined reliably. The 
xccuracy of the profiles obtained is impaired 
by blends, but recurring blends can be revealed 
by superimposing several records. Moreover, 
nly slightly blended hydrogen lines are 
ybtained on occasion. When reduced to a 
single scale, the profiles of H., Hs and Hy, are 

ry similar. The shift of the maximum within 
the profile in the magnetic zenith does not reach 
300-400 km/sec; towards the violet 
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side the emission can be followed up to about 
2000 km/sec; and there is a slight “red shift” 
reaching + 300-500 km/sec. 

In the intermediate directions the aspect of 
the profile varies smoothly from one extreme 
case to the other. Within the observational 
error no appreciable differences have been 
noticed either between profiles referring to 
equal distances from the magnetic horizon or 
between different hydrogen lines. Similar 
results have been obtained at other stations of 
this Institute; viz. at Roshchino” and at 
Zvenigorod " Decrement measurements for 
the Balmer series lines gave the following 
results: Hs: H,=1:0-80 The decrement 
value for Hs: H, is widely different from that 
calculated by Chamberlain As early as 
1951, I. S. Shklovsky'”’ has inferred from the 
results obtained by Meinel® and Gartlein” 
that the aspect of the hydrogen line profile in 
the magnetic zenith directly testifies to a 
dispersion of the velocities of hydrogen cor- 
puscles, since the profile observed is sharply 
different from the way in which the effective 
cross-section for the excitation of H, varies 
with the velocity. In my published paper 
the available data on this variation were 
analyzed. According to the experimental data 
secured by Fan and Meinel'*’, as well as from 


Chamberlain's computations and from 
estimates based on the adiabatic theory''’’, the 
velocity corresponding to the maximum 
effective cross-section turns out to be about 
1700 km/sec 

Uncertainty is due only to the absence of 


experimental data on the interaction between 
the streams of hydrogen corpuscles and the 
atomic If such an interaction in the 
atmosphere modifies this velocity only slightly, 
Chamberlain's formula''’’ can be made use of 
Furthermore, computations show that to 
explain at once the small shift of the maximum 
within the profile in the magnetic zenith and 
the small half-width in the magnetic horizon is 
impossible, if we will not relinquish the assump- 
tion that the corpuscles enter the atmosphere 
with a constant velocity. Recently, Chamber- 
lain came to similar conclusions. B. A 
Bagariatsky’'”’ has shown that on this assump 
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tion it is also hard to account for the observed 
value of the “red shift’’ within the profile in the 
magnetic zenith. Since at high speeds the 
scattering of protons is slight, it may be sup- 
posed that the “red shift’ will be accounted 
for satisfactorily if the considerable dispersion 
of the velocities with which the corpuscles enter 
the atmosphere is taken into account. The 
effective cross-sections for the processes by 
which the H, line is excited (charge exchange 
by protons in excited levels, excitation of 
hydrogen atoms by collisions with atmosphere 
molecules) depend on the velocity in such a 
way that the dispersion of velocities cannot 


Fig. 4. The 
(A=-4-2 m) and the Earth magnetic field 


relations between the 


A. Synchronous appearance and disappearance of the H, emission and radio reflections 
B. The absence of radio reflections when the H 


of cases 


hydrogen emission, 
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appreciably affect the profile’s aspect unless the 
velocities are about one or two thousand km 
per second or less. The hydrogen line profiles 
obtained in different places at different times* 
are all similar 

On the standpoint set forth here, none of 
these profiles will directly reveal any appre- 
ciable number of hydrogen corpuscles with 
velocities equal to or higher than 2000 km/sec. 
If. however, the smallness of the maximum shift 


, and Chamber- 
Institute with 


* by Meinel), Vegard''’, Gartlein“ 
lain ind at three 


identical instruments 


station of this 
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radio reflections from the aurora 


65 per cent 


emission is taking place. 26 per cent of 


cases. C. The absence of correlation between the H, emission and radio reflections. 9 per cent of cases. 
It seems from such comparisons that for the occurrence of radio reflections two conditions must be 
fulfilled : the presence of hydrogen emission and disturbance of the Earth magnetic field 
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in the observed hydrogen emission profile is 
due to the dispersion of the velocities of 
corpuscles, then the observed constancy of this 
shift and of the entire profile is difficult to 
explain. One of the possible explanations is 
that during the exposure, which lasts 1 hr or 
more, the velocities of the radiating corpuscles 
have time to vary again and again with the 
result that an average profile in respect to time 
is obtained. The penetration depth of the 
corpuscles can vary quickly even in an homo- 
geneous quiet arc, as is obvious from a set of 
four successive spectrograms with a dispersion 
of 200 A/mm, taken within the exposure range 
of 5 to 1S min. A vertical section of the 
homogeneous arc was projected on the slit of 
the spectrograph. In one of these spectrograms, 
the maximum of the H., emission stands higher 
in the arc than in others. On the other spectro- 
grams the intensity maximum of the H 
emission lies under the arc. So it is not 
advisable to rely on the analysis of the hydrogen 
emission luminosity curve until a great deal 
more observational data has been accumulated 


An array of independent facts seem to show 
that a considerable proportion of stream 
corpuscles enter the terrestrial atmosphere at 
small speeds, not above 1000-2000 km/sec: 
viz. (1) recurrence of hydrogen lines in many 
different spectrograms taken from high red 
auroral forms; (2) the investigations of profiles 
of hydrogen lines, as described here; (3) the 
direct observation of hydrogen emission above 
an homogeneous arc: (4) differences between 
the spectrum of direct excitation by protons 
previous to the appearance of visible auroral 
forms and the spectrum of low bright auroral 
forms. These corpuscle velocities are in agree- 
ment with statistical data on the delay of a 
magnetic storm behind solar activity pheno- 
mena 

There is no strong connection between 
hydrogen emission and the variations of the 
terrestrial magnetic field. Hydrogen emission 
was often observed when the magnetic field 
was quiet. Sometimes with a fairly quiet 
magnetic field a displacement of the region of 
hydrogen emission can be noticed. On the 
other hand, an absence of hydrogen emission is 
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sometimes concomitant with a strong magnetic 
storm. Spectrograms from 24 magnetic storms 
reveal that there was no hydrogen emission 
during four of these storms (one very strong 
storm, two strong ones, and one weak storm), 
although during the other 20 storms, hydrogen 
emission was definitely present. 

Contrary to this, correlation with radio 
reflections from auroras is quite pronounced 
[he observations of radio reflections were 
carried on at a 4-meter wave length no less 
frequently than every 15 min.**). For the sake 
of comparison about 130 patrol spectrograms 
taken with a CII-47 spectrograph were used. 
Of these spectra, 65 per cent have shown that 
there is time coincidence between the appear- 
ance of radio reflections and hydrogen emission 
In 26 per cent the H, line was observed in the 
absence of radio reflections (in several cases 
H. appeared when the magnetic field was quiet 
and in several more when red forms of type A 
were present with which no radio reflections 
and there were a number of 
other cases also). In 9 per cent of the spectra 
the H, line was absent at the time of radio 
reflections, yet part of these spectrograms were 
strongly blended by | PG bands of N,, (disper- 
sion ~ 200 A/mm) which made them unfit for 
comparison 

Radio reflections from auroras, therefore, 
like the emission of hydrogen, seem to furnish 
direct evidence of the penetration of corpuscular 
streams into the atmosphere, and this evidence 
is more definite than the visually observed 
auroral forms. If so, radio reflections may be 
conveniently used as an indicator of the appear- 


occur usually, 


ance of hydrogen corpuscles at any time of the 
day, even when the sky is covered with clouds 
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ON HYDROGEN EMISSION IN THE NIGHT GLOW 


I. S. SHKLOVSKY 


Institute for Atmospheric Physics, Academy of Sciences of the U.S.S.R.. Moscow 


Abstract 
Atmospheric Physics 
width of 2 A. 


H, emission has been observed 


(Received 25 September 1958) 


at the Zvenigorod Station of the 
The width of the observed emission does not exceed the instrumental 
It is shown that the recombination of protons and electrons can not account 


Institute for 


for this emission, and that a probable source is the resonance scattering of solar L, radiation by 


interplanetary neutral hydrogen atoms. The 


‘geocorona” is considered as is the effect of 


possibility that L, radiation arises from a 


resonance scattering of Ly, radiation and the 


intensity at H, resulting from flourescence when L, and L, are absorbed 


At the Zvenigorod Station of the Institute for 
Atmospheric Physics’ an H, line has been 
discovered recently in the night sky spectrum 
without any appreciable geomagnetic disturb- 
ance Another feature of this H, line is its 
narrowness. Its width does not exceed the 
instrumental width; i.e. lies within 2 A. From 
this the spread in velocity, AV, of the radiating 
hydrogen atoms is found to be AV <50 km 
per second. On the other hand, the widths 
of H, lines in auroral spectra are known to 
attain tens of angstroms, and the spread of 
velocities of the radiating atoms (for obser- 
vations in the magnetic horizon) attains some 


The H, 


hundred kilometers per second. 

emission observed at Zvenigorod may differ 
essentially from the hydrogen emission of 
auroras. We are inclined to connect this 


Balmer line with the diffuse L. emission of the 


night sky, observed recently at high altitudes"? 

According to reference (2), the average inten- 
sity of the diffuse L. 
upper hemisphere, at 
120 km, is 


radiation coming from the 
heights starting with 


erg 
cm* sec sterad 


x10 


photon [ 


(1) 
cm* sec sterad 


2x 10° 
As has been emphasized in reference (2), the 
radiation is most likely to be due 
Nevertheless, no prefer- 


observed I 
to interplanetary gas. 


ence has been given to either of the two possible 
hypotheses on the origin of Lyman’s emission 
of the interplanetary gas; viz. (1) recombination 
of protons and free electrons, (2) scattering of 
solar L, quanta by interplanetary neutral 
hydrogen atoms. 

Hypothesis (1) is untenable. Suppose that 
the concentration of free electrons in the inter- 
planetary space is m.=, where m, is the con- 
centration of protons. Making use of the 
well-known formulae from the theory of light 
emission by gaseous nebulae, determining rn, 
when / and the extension of the radiating 
region / are known, let /=10'* cm, then 
n,=2 x 10* cm But this concentration of free 
electrons in the interplanetary space seems 
impossibly high and is strikingly at variance 
with the photometric and polarization obser- 
vations of the zodiacal light. 

By far more effective is the mechanism of 


resonance scattering of solar L. quanta on 
interplanetary neutral hydrogen atoms. In this 
case the concentration of the latter, _, can be 


determined from the relation 


/ g, —hy 
/ Ny B,.u,,wl NyA.,w =e (2) 
Here v,, is the frequency of the L, line, 
w=6x 10~° is the dilution coefficient, 2,/2,=4 


is the ratio of statistical weights, and JT can be 
determined if the flux of solar L. quanta and 
the profile of the solar L, line are known. 


J 
} 


We 


ea 


~ 
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According to the observations reported in (3), 
the flux of solar L. quanta varies within a 
rather wide range; viz. from 0-1 erg/cm® sec 
to 5 erg/cm* sec, being apparently correlated 
with solar activity. A month before the flight 
of the rocket by means of which Lyman 
emission in the night sky was investigated, 
daylight rocket measurements of the flux of 
direct solar L. radiation had given F°, =0°6 
erg/cm* sec." On this basis we put F°; =0-5 
erg/cm* sec in further calculations. On the 
other hand, the width of the solar L. line is 
MAA<03A Making allowance for the high 
thermal velocities of the hydrogen atoms and 
for turbulent velocities in the upper chromo- 
sphere (wherefrom apparently the solar L, is 
radiated), we find that the breadth of this line 
is hardly below 0:15 A. Taking 0-2 A for the 
true value of the breadth of L, in the sun’s 
spectrum, and putting / 0-5 erg/cm’ sec, 
we find 7 ~ 7000° for the equivalent tempera- 
ture. Substituting this value of T in the second 
equation gives my, ~0-Scm Suppose that 
there is ionization equilibrium in the inter- 
planetary gas and that the flux of solar radiation 
in the Lyman continuum is ~ 0-3 erg/cm* sec; 
then, knowing my, we can use the formulae of 
the theory of gaseous nebulae to find that the 
concentration of ionized hydrogen atoms, which 
is equal to the concentration of free electrons, 
will be ~ 200 cm~* one astronomical unit away 
from the sun. This value is much lower than 
that obtained by Seidentopf and Behr’’ from 
polarization observations of the zodiacal light 
So the observed polarization of the zodiacal 
light appears to be due to dust particles rather 
than free electrons'*’. 


Even if the observed diffuse L. radiation 
should be accounted for by some reason other 
than the interplanetary gas, e.g. by a “geo- 
corona’ extending over several thousands or 
tens of thousands of kilometers (this hypothesis 
cannot be excluded entirely for the time being), 
then, all the same, the results obtained are of 
exceptional importance for the study of the 
nature of the interplanetary medium. In this 
case the values of ny and nm, found from these 
observations must be considered the upper 


boundary of the content of neutral and ionized 
hydrogen in the interplanetary space. 

If the scattering of solar L. quanta by inter- 
planetary (or “geocoronal’—this makes no 
difference here) neutral hydrogen atoms is the 
casual mechanism of the L. radiation from 
the night sky, we may expect that other solar 
Lyman lines, and in the first instance the L; 
line, will be scattered too. Owing to fluores- 
cence this must lead to a Balmer emission, 
possibly of an interplanetary origin. Let us 
estimate this effect quantitatively. 

rhe intensity of the solar Ly line, obtained 
in the rocket flight of 21 February 1955, is 
0-01 erg/cm* sec, if allowance for absorption 
by O, and N, molecules in the higher layers of 
the atmosphere is made. This is 1/60 of the 
L.. line intensity. Alongside the absorption of 
lL, by O, and N, molecules its resonance 
absorption by oxygen atoms on the transition 
P.—"D should be expected” If the 
oscillator strength for this transition is 0-01", 
we may state from the computations made in 
reference (7) that the atomic oxygen of the 
earth’s atmosphere will absorb as much as 
30 per cent of the Ly radiation flux*. Thus the 
flux of L» radiation liberated from absorption 
by the atmosphere is 1/40 of the L. radiation 
flux. 

After the absorption of a Ls quantam, an 
interplanetary hydrogen atom can pass to the 
second level with the emission of an H 
quantum. Let us estimate the number N of 
H.. quanta thereby scattered: 


Ny \ 


N,, being the number of scattered L. quanta 
Substituting the quantities in equation 3 by 
their value gives 


If the flux of L. radiation from the night sky 
is Fy, =10°* erg/em* sec=6 = 10° photons /cm? 


* This gives rise to a fluorescence of the terrestrial 
atmosphere in lines AA 8446 and 11294 A which can be 
observed during twilight.'? 


A,, 2. Aa + Ai, 
Nu, ~ 3x (4) 
a 


sec, then the flux of interplanetary (or “‘geo- 
coronal”) H., will be 


F == 10° photons/cm* sec. (5) 


As a matter of fact, this value must be several 
tens per cent higher owing to the scattering of 
the higher Lyman lines and the subsequent 
cascade transitions 

hus the presence of the diffuse L.. radiation 
in the night glow must necessarily have for its 
consequence the presence of a weak but yet 
measurable field of H, radiation. This 
emission is likely to arise in the interplanetary 
space, although there is no sufficient argument 
for the present to refute the “geocoronal” 
hypothesis. It should be emphasized that our 
conclusion on the presence of an H. emission 
does not depend on either “interplanetary” or 
“geocoronal” location of the scattering hydro- 
gen atoms 

As has been stated above, the flux of solar 
L.. quanta is variable within a fairly wide range 
At the end of 1955 this flux, according to 
reference (3), was about 5 erg/cm? sec, which 
may be connected with increase in the general 
activity of the sun. In 1957-1958, when the 
observations at Zvenigorod were being con- 
ducted, the general level of solar activity was 
higher on the average than in 1955. The flux 
of Ls may also be supposed to be correlated 
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with solar activity. If so, the flux of H. quanta 
in the night glow can be an order of magnitude 
higher than the computed value, reaching 
2x 10" photons/cm* sec, or 20 R, and even 
more perhaps. The flux of H, measured at 
Zvenigorod fluctuated from night to night 
within 5 to 20 R, which is in fair agreement 
with the concepts developed above. 

An interesting experiment, decisive for the 
evolved theory, may be suggested. Namely, if 


the H. emission in the night glow is due to 
scattering by hydrogen atoms, it should be 
considerably polarized. The observations 


which might verify this point are not easy in 
view of the slight intensity of the H. emission 
Still, they can be fulfilled. 
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Abstract—The distribution of helium-3 in a slice of the Grant meteorite was determined by 


exposing it to slow neutrons and counting the converted tritium 


from 6°5x10-* cm 
the slice 
which are not circles 


g to $:1x10-* cm 


The measured values ranged 


g, with the highest value occurring near one edge of 
The helium-3 isopleths corresponding to 5:7 


<10-* cm*/g or less form closed loops 


This indicates that the meteorite was not spherical when it was exposed 


to extraterrestrial cosmic radiation. The variation of the helium-3 content with depth indicates 


that the average energy 
These me 


atmosphere 


urements ilso indic ite th if the 


of the cosmic radiation to which it had been exposed was close to 6 BeV. 
Grant 


meteorite, before it struck the earth's 


was a pear-shaped object with a mass of approximately 880 ke; and that 400 ke 


ablated from the meteorite in its plunge through the atmosphere 


1. INTRODUCTION 


Grant meteorite, 
1929, is 


Tu found in New Mexico 
about an iron meteorite with a mass 
of 480 kg, and is now the property of the U.S 
National Museum. Work" done on isotopes 
produced in long iron targets when they are 
bombarded by high energy protons suggested 
that the distribution of helium-3 in a meteorite 
could be used to estimate the average energy 
of the incident cosmic rays to which it had 
been exposed as well as the size and shape of 
the meteorite before it struck the earth's atmos- 
phere. The distribution of helium-3 in the 
Carbo meteorite had been measured and 


the results were applied to estimate the average 


energy of the incident cosmic rays 
original shape of the Carbo meteorite. 


and the 


2. EXPERIMENTAL PROCEDURE 


A slice was taken from the center of the 
Grant meteorite. The helium-3 content of the 
slice was measured by the method of neutron 
activation whereby the helium-3 is converted 
to trittum which is extracted and counted 
Several bars 4 in. wide and } in. thick were 
cut*? from the slice as indicated by the fine 


lines in the drawing of Fig. 1. Samples weigh- 
ing 1-2 to 1-5 g were taken from the bars at 
the positions indicated by crosses in the draw- 
ing. Surface material and troilite nodules were 
avoided. After the sharp edges were removed 
from the samples they were etched down to 
10 g. Twelve to fifteen of the samples were 
packaged in a small plastic container, which 
was irradiated in the Brookhaven reactor for 
16 hr at a location where there were very few 
fast neutrons. The slow neutron flux was about 
10'* neutrons/cm? sec. A sample of terrestrial 
iron and a sample of either the Harvard 
Bethany! or of the Cape York meteorite, which 
are known to have less than 10°° cm*/g of 
helium-3, were also in each package 

In two similar irradiations done in earlier 
work’ with samples of the Carbo meteorite, 
a gas standard with a known amount of 
helium-3 in an aluminum container had been 
included with the plastic containers. The gas 


* The slice was cut at 


the Battelle Memorial 
Institute, Columbus. Ohio 


+t Dr. E. P. Henderson kindly loaned the author the 


bars 


A fragment of the Gibeon meteorite fall. 


& 


rHE 
standard served as an absolute calibration. 
The uncertainty in this calibration was about 
I) per cent; however, relative measurements 
are accurate to better than 5 per cent. The 
Grant samples reported here were calibrated 
by including two Carbo samples in the same 
package 
The irradiated sample was placed in an 
alumina crucible with 5 cm® of hydrogen carrier 
and melted with an induction heater. The gas 
was extracted, and the hydrogen was purified 
and counted in the manner described in the 
previous publication’. In the work referred 
to, graphite crucibles were used. The use of 
alumina crucibles made the removal of tritium 
from the sample more complete. No tritium 
is detectable in second extractions done by 
remelting the samples which is an improvement 
ver the use of graphite crucibles. The electro- 
magnetic stirring action on the molten iron and 
rom the alumina serving as an additional 
*r probably assists in the tritium extraction 
Preparation of the sample is also important in 
hieving reproducible results. Samples which 
s than one-half gram and meteorite chips 
lower tritium yields per gram than did 
he one-gram samples. This is thought to be 
<d by a loss of tritium produced near the 
vce during the irradiation. The one-gram 
ples were etched to 0-7 g after the irradia- 
and before the tritium was extracted 


lo test the reproducibility of the measure- 
ments, five adjacent Carbo and four adjacent 
int samples were irradiated together and 
essed to determine their helium-3 content 
lhe largest observed differences in the measure- 
ments of the helium-3 content of the five Carbo 
samples was 5 per cent; the largest difference 
ith the four Grant samples was 3 per cent 
The counting errors should give less than 
me per cent difference. The additional fluctua- 
ion may be real; that is, caused by variations 
in the helium-3 content due to inhomogenieties 
n the meteorite itself, or it may be a spurious 
perimental effect Possible experimental! 


irces of the fluctuation are the variation in 
he neutron flux over the dimensions of the 
kage, or the variation in the loss of tritium 
The samples of terrestrial iron 


surfaces 
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of the Cape York and the Harvard Bethany 
meteorites gave less than one per cent of the 
activity measured in the Grant samples; it is 
therefore believed that traces of lithium are not 
the cause of the fluctuation. The fluctuations 
in any case are not large enough to affect 
seriously the validity of the experiment. 


3. RESULTS 


Table 1. The Measured He* Values and their 
Locations 
Bar Distance* He? (10-* 
(in.) 
S +1°6 6°5,6°6 
6°3,6°4 
0°5 5-8, 6°0 
5-9 
+30 §9.5-7 
6°1.6°0 
+90 6°3.6°5 
12-0 6°5 
0-5 55.53 
3:5 5-9 
K +30 5:4. 
9-0 §-7 
+ 12-0 6:0, 
5:4. §-2 
40 5-8 
60 6°1 
G 3-0 §-1. 5-2 
6°0 51.50 
on 5:2 
1?:0 §§ 
0-§ 
1-0 
20 
3-5 5-9 
4°5 6°0.6°0. 5-9. 5-8 
5-0 6:0 
20 
6-0 
0 7.59 
5:9. 6-0 
* The distance is from the reference line which is 
shown perpendicular to the lettered bars in Fig. | 
The (+) distances are to the left and the (—) distances 


ire to the right of the reference line 


E. 


The measured helium-3 values together with 
the locations of the samples from which they 
were obtained are given in Table | and are 
shown in Fig. |. The helium-3 determinations 
ranged from x cm’ /g to 5:1 « 10-*em */g 
These values are very high for a meteorite the 
size of the Grant. Although the meteorite itself 
is almost symmetrical about the arrow line in 


Fig. 1 


with the distribution of helium-3 


10-* cm*)g 


Fig. 1, the helium-3 isopleths, or contours of 
equal helium-3 content, appear to be sym- 
metrical about bar G, where the lowest values 
were observed The contours of constant 
helium-3 follow approximately the outline of 
the slice near two of its four sides. The highest 
value, 6:5 cm’/g, parallels one of these 
sides. The region of lowest helium-3 content 
is an elongated region well inside the slice 
This indicates that the body as it existed in 
space was not a sphere, and that its central 
region has remained the central region of the 
present body 


FIREMAN 


Fig. 2 sketches a reconstruction of the parent 
f the Grant meteorite and shows that it 
probably a pear-shaped body before it 
entered the earth's atmosphere. The incom- 
plete contour lines of constant helium-3 were 
completed by an extrapolation. The greatest 
distance between the edge of the slice and the 
contour line of 65 helium-3 


bods 


was 


Drawing of the slice of the Grant meteorite 


in units of 


determines the the 
meteorite 
symmetrical about 
giving the lowest helium-3 value. If the parent 
body had been symmetrical about this axis, 
then it would have had a mass of 880 kg, and 
must have lost 400 kg in its plunge through the 
atmosphere. If the entrance velocity of the 
Grant were known, a basis for the calculation 
of ablation loss for bodies entering the earth's 
atmosphere would exist. The best estimated 
value for a velocity of a meteorite in the earth's 
upper atmosphere is 17 km/sec’*’ 


perimeter of 
The helium-3 isopleths are almost 
an axis through the bar 


original 


4 
i 
i4 
\ 
6-1 
7 
4 
— 
a 


If all meteorites were exposed to the same 
cosmic ray intensity and for the same length 
of time before entering the earth's atmosphere, 
then the helium-3 content of a small sample 


Fig. 2. Sketch showing parent body of the Grant 
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cm’/g while only cm’/g for the 
second region. In the Grant meteorite this 
relationship is more pronounced*®*’. A very 
wide heat altered layer lies along the edge 


meteorite, reconstructed from measurements of 


helium-3 content. 


compared with the values observed in the Grant 
meteorite would give some information about 
the original mass of the body from which the 
sample was taken. If the helium-3 content of 
the sample is higher than 10-* cm’/g, 
the maximum measured in the Grant meteorite, 
then the original mass of the meteorite under 
study must have been less than 880 kg. If the 
helium-3 content is less than the minimum value 
in the Grant, 5-1 x 10-* cm’/g, then the original 
mass of the meteorite under study must have 
been greater than 880 kg. Since most of the 
measured samples show helium-3 values less 
than 5:1 =x 10-* cm'/g, we may conclude that 
most meteorites are the remnants of bodies 
that in space were larger than 880 kg. 

An interesting metallurgical feature that can 
be correlated with the helium-3 distribution is 
the heat-altered layer near the edge of the slice. 
Examination of the Carbo slice showed a region 
where the metal had been altered by heat and 
a second region not showing this effect. In the 
first region the helium-3 content was 5-0 = 10~' 


E 


parallel to the helium-3 contour of 6-5 x 10 

cm"/g; and at one place the iron is completely 
melted to a depth of almost one centimeter 
The correlation between high helium-3 content 
and heat alteration of the surface metal can be 
interpreted as follows: During a meteorite’s 
flight through the atmosphere heat generated at 
the surface can affect the metal to a depth of 
almost one centimeter if there is little ablation: 
if the ablation is rapid, however. the heat can- 
not affect more than a very thin surface layer 


4. DISCUSSION OF RESULTS 


The measurement of the distribution of 
helium-3 allows us to reconstruct the original 
shape and mass of the Grant meteorite and to 
make estimates for other specimens. Since a 
large meteorite must be sliced if we are to 
measure the helium-3 distribution, probably 
very few specimens will be made available for 
such a complete study. However, for many 
meteorites the helium-3 in small samples can 


9 \ 
\ 

/ 

| 


be measured with very little damage to the 
specimen 

Experiments’ with long iron targets bom- 
barded by 6 BeV protons have shown that the 
helium-3 production in a sphere of 30 cm radius 
is 1:36 times greater near the surface than at 
the center. In the Grant slice the largest 
helium-3 value is 1°28 times the smallest one 
The distance between the edge having the 
highest helium-3 content and the position of 
lowest helium-3 content varies from 19 cm to 
27 cm. This fact indicates that the average 
energy of the incident cosmic rays was about 
6 BeV, and that very little material was ablated 
from this edge. If the energy were greater than 
6 BeV, the depth variation of helium-3 would 
be smaller than the measured value. On the 
other hand, if the average energy of the rays 
were 3 BeV or less, then the measured helium-3 
gradient could be explained if more than 10 cm 
of additional material covered the edge with 
the highest helium-3 content. However, it 
would then be difficult to account for the fact 
that the cm’/g contour is parallel 
to this edge and that the cm’/g 
contour is not more circular. The absolute 
value of the helium-3 content also gives 
evidence for the average cosmic ray energy of 
6 BeV, and supports the conclusion that less 
than 10 cm of material was ablated from the 
side of the slice with the highest value of 
helium-3. The target measurements with 6 BeV 
protons indicate that the helium-3 production 
near the surface of the 30 cm sphere would be 
83 per cent of the production in small spheres 

The highest helium-3 content measured in 
any meteorite is 8-8 x 10-* cm’/g, found in the 
Mt. Avyliff meteorite*’, which has a mass of 
13-6 kg. The ratio of 6:5 to 8-8 is 73 per cent. 
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However, there is a 10 per cent uncertainty in 
the absolute values. If the edge of the Grant 
slice with the highest helium-3 value were 
covered with more than 10 cm of material, iron 
meteorites with helium-3 content greater than 
&-8 x 10°-* cm’/g should have been found. 

In samples of Harvard's Bethany and of the 
Cape York meteorite the helium-3 content 
approaches 10-'® cm’/g, the lowest amount 
detectable by present methods, These samples 
therefore derive from the interior of very large 
bodies. From the spallation rate, which its 
reduced by a factor of e for each 150 g/cm? of 
shielding, we deduce that these two samples 
must have come from bodies whose masses 
were greater than 500 tons 
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INTRODUCTION 
Tue Fifth Meeting of CSAGI (Committee 
Speciale de Geophysique  Inter- 
nationale) was held at Moscow from 31 July 
to 9 August 1958. The most urgent matters to 
be considered by the two hundred and twenty 
assembled scientists had to do with the organi- 
zation of the programs for international co- 
operation which would continue the work of 
the IGY in many fields of geophysics. How- 
ever, with the period of the International 
Geophysical Year drawing to a close, this was 
also an occasion for a first review of the 


geophysical and astrophysical research which 


had been achieved with rockets and satellites. 

The purpose of this report is to summarize 
the proceedings of the Technical Symposia on 
Rockets and Satellites. Since these symposia 
occupied the better part of four days and con- 
sisted of 77 papers on nearly all phases of the 
subject, a summary must necessarily be some- 
what superficial, and apologies are due to the 
authors of the many excellent papers for 
reviewing their work so tersely. Fortunately 
for posterity, all of the papers presented will 
appear in the Annals of the IGY. 

A report on the Moscow meetings would not 
be complete without some mention of the 
activities of the Working Group on Rockets 
and Satellites of CSAGI. Working in parallel 
with working groups in each of the other IGY 
disciplines, this Working Group spent the 
opening days of the meeting trying to arrive at 
a plan for international working arrangements 
for the co-ordination of research and the 
efficient and rapid exchange of observations and 
results. In the absence of Dr. Lloyd V. 
Berkner, the designated chairman, Dr. Homer 


E. Newell, Jr., was acting chairman. The 
nations actively represented in this Rockets and 
Satellites Working Group were the U.S.A., the 
U.S.S.R., Great Britain, Japan, Australia, and 
South Africa. Although some progress was 
made in obtaining a better understanding of 
the achievements and aims of the various 
programs in each of the countries represented, 
Chairman Newell was forced to admit, in his 
address to the closing plenary session, that the 
international agreements which had existed 
were too general to be workable, and that the 
Working Group had not been able to arrive at 
more detailed agreements in the area of rocket 
and satellite research. 

Nevertheless, as demonstrated by the material 
presented at the technical symposia, it was clear 
that tremendous strides had been made in the 
exploration of the upper atmosphere and the 
space beyond by our new vehicles. The fact 
that satellites, by their very nature, cross 
national boundaries and signal their messages 
to all parts of the world makes them uniquely 
international—a sort of symbol of worldwide 
scientific endeavor. So it seems inevitable that 
working arrangements for the international use 
of these scientific tools will eventually be made. 

In the summary which follows the subject 
matter being studied rather than the vehicle is 
the central theme. Satellites are, in a sense, 
just a very high performance rocket—“‘a long- 
playing rocket’’, to quote J. Kaplan. In tracing 
this theme of the planet Earth and its environ- 
ment the original order in which the papers 
appeared has been lost, but the story should be 
a good deal more coherent. 

In identifying the various papers the names 
of the original authors are used, even though 
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these authors were in many cases not able to 
attend the meeting and a colleague had to 
present the paper. 


1. ATMOSPHERIC STRUCTURE 


1.1. Pressure, density, and temperature distri- 


bution 

Prior to the launching of the first satellite in 
October 1957, the structure of the upper atmos- 
phere had been repeatedly measured by rockets, 
and two summaries of these rocket measure- 
ments in the U.S. are still widely quoted. The 
older one is the ““Rocket Panel Atmosphere” 
and a somewhat more recent one is referred to 
as the “ARDC Model” *’, based on a study by 
the U.S. Working Group on Extension to the 
Standard Atmosphere. These two models agree 
to within a few per cent in pressure up to about 
220 km. There were no rocket data above 
220 km (and only one measurement at this 
height), but the ARDC Model extends to 
500 km by a theoretical extrapolation. All the 
data used for these models were from White 
Sands Proving Ground (WSPG), N.M., Lat 
31°N. This is mentioned at the outset, since 
so many of the IGY results were presented in 
relation to these earlier summaries 

A fairly large portion of the rocket programs 
of the U.S., U.S.S.R., Great Britain, Japan, and 
Australia been or will be devoted to 
measurements of pressure, density, or tempera- 
ture at various altitudes and latitudes, using a 
variety of measuring techniques 

The IGY measurements have shown some 
highly significant differences between the mid- 
latitude and arctic upper atmospheres. Spencer 
(U.S.) La Horowitz, and Ainsworth 
(U.S.), Jones, Fischbach, and Peterson (U.S.), 
and Stroud, Bandeen, Nordberg, Bartman, 
Otterman, and Titus (U.S.) reported results 
from Ft. Churchill, and Shvidkovsky (S.U.) 
reported on the measurements with the Soviet 
Meteorological rocket at central and Arctic 
U.S.S.R. stations (exact locations unspecified). 

The Soviet observations of temperature by 
thin wire temperature elements strung along a 
nose probe were quite extensive up to 50 km, 
and showed that the seasonal change of tem- 
perature occurred earlier at the higher altitudes, 
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following the change in insolation with less lag 
than at the surface. Thus, at 50 km _ the 
temperature maximum is in late June, the 
temperature minimum in late December. (This 
is a trend which was pointed out by Dobson, 
Brewer, and Cwilong” in 1938 on the basis of 
balloon observation, though of course they did 
not have data to such high altitudes.) 

In comparing mid-latitude and Arctic results, 
Jones, La Gow, and Stroud all concluded, 
on the basis of separate sets of measurements, 
that up to 80 km in the Arctic the density is 
about the same or a trifle higher in summer, 
but in winter it is significantly lower by 10 to 
20 per cent. This corresponds to a lower 
wintertime temperature in the Arctic between 
30 and 80 km. The day-to-day variation in 
this altitude range at Ft. Churchill appears to 
be much greater than at WSPG, especially in 
winter 

It is important to note the wind measure- 
ments in this altitude range, determined at 
WSPG and Ft. Churchill as reported by Stroud 
(U.S.), in Australia as reported by Massey 
(U.K.), and in Japan as reported by Hatanaka. 
All made use of the propagation of sound from 
grenade explosions, and the Australian rockets 
also combined radar observations of drifting 
chaff or “window”. The results were essentially 
the same from all three locations: Strong west 
winds in winter, reaching a peak velocity in 
the 70 to 80 km region, and weaker east winds 
in summer. Note that west winds imply higher 
pressure towards the equator, while east winds 
mean higher pressure towards the poles. At 60 
to 80 or 90 km the pressure and density 
gradients are roughly in the same direction, so 
the wind observations tend to verify the lati- 
tudinal density differences reported between 
WSPG and Ft. Churchill. 


Above 80 km the trend is different. Both 
Jones and La Gow agreed that the temperature 
(or scale height) was higher at 80 to 90 km in 
the Arctic in summer and during the winter 
day, though it is about the same during the 
winter night. La Gow, who got two successful 
flights to 250 km last winter, found that this 
general trend continued upwards, but with an 
ever-increasing diurnal effect. Thus, the winter 
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daytime temperatures are apparently higher in 
the Arctic, and at 200 km and above the 
resulting density is ten times greater. During 
the winter night the upper atmosphere appears 
to cool off, and densities at 200 km are about 
the same as at WSPG. 


The Soviet studies of atmospheric densities 
and pressures by rockets and satellites were 
reviewed by Michnevich (S.U.). Using mag- 
netic manometers, pressures have been 
measured by rockets, presumably at a higher 


latitude than WSPG, and his results are as 
follows: 

100 km 4:0 x gem 

150 10-"* 

200 2:7x 10 

220 16x 10-" 

260 6°9 x 


Of particular interest were the results from a 
magnetic manometer in a Sputnik, which gave 
a value of | x 10-'* at 260 km, and 8°8 x 10 

at 355 km (same units). The pressure observed 
by the Sputnik magnetic manometer apparently 
decreased over the first few days, which was 
interpreted as due to gas leaving the Sputnik 
(This explanation, however, would seem to be 
at odds with Mirtov’s theoretical treatment of 


gases around a satellite—see below.) 


Above 200 km a new and powerful density 
measuring technique comes into play: The 
earth satellite drag effect. All three Sputniks 
and Explorers I and III had perigees at altitudes 
which were sufficiently low for the drag to have 
an observable effect on the orbit, and the effect 
is a function of perigee density and the scale 
height just above perigee. The theory of 
hypersonic drag is in a somewhat unsatisfactory 
state still, and the fact that the satellites are in 
most cases non-spherical and spinning in a 
complex way further complicates the analysis. 
Sedov (S.U.), Whipple (U.S.), and Cornford 
(U.K.) each reviewed this matter, and there 
seemed to be little difference of opinion on the 
essentials of the theory of orbits and atmos- 
pheric drag, but some confusion when it came 
to details. 

Applying the satellite drag observations to 
atmospheric density determinations, the follow- 
ing conclusions were reached: Previous atmos- 
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pheric models based on rocket observations at 
middle latitudes underestimated densities at 
220 km and above, which implies that tem- 
peratures in the 100 to 200 km region must be 
higher [Sedov (S.U., Lidov (S.U.), Whipple 
(U.S.), Aoki (Japan), Warwick (U.S.), and 
Jastrow (U.S.)]; the density apparently increases 
as perigee moves from the dark (night) hemi- 
sphere into the light (day) hemisphere (Sedov 
and Lidov); the drag increases as perigee moves 
toward the equator, due to the equatorial bulge 
of the earth and its atmosphere [Siry (U.S.)]. 
The various density determinations were treated 
in different ways by the authors, but there was 
no apparent disagreement in the general results. 
It was apparent that the satellites launched so 
far are not very well suited for this type of 
determination because of their shape and com- 
plex motions, and therefore exact agreement in 
such an analysis could hardly be expected 

It is significant that the Sputniks, which were 
most often treated in these analyses, had high 
inclination orbits (about 65°), and therefore 
their perigees were at latitudes of greater than 
40° a large fraction of the time. Thus, Sputnik 
densities may refer to higher latitudes than 
rocket densities at WSPG, and the results would 
then be more consistent with the Ft. Churchill 
rocket findings reported by La Gow, showing 
much higher densities in the Arctic day. Note 
that the day-night change indicated by the 
with the two Ft 
which showed 


consistent 
observations, 


satellites is also 
Churchill rocket 
higher density by day 
1.2. Molecular and ion distribution 

From sea level up to 50 or 60 km the atmos- 
phere is essentially well mixed, and only certain 
constituents such as ozone and water vapor are 
variable. At higher altitudes two strong effects 
come into play which alter the composition of 
the atmosphere: The sun causes ionization and 
dissociation, and molecular diffusion becomes 
effective enough to cause a gravitational separ- 
ation between the light and heavy constituents 

Both Soviet and U.S. rockets have success- 
fully measured these changes in composition 
Kupperian, Byram, Friedman, and Unzicker 
(U.S.) reported observations of the distribution 
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of the O, molecule (relative to atomic oxygen) 
at Ft. Churchill by measuring the change in 
absorption of sunlight in the ultraviolet (1000 
2000 A) by this gas as the rocket moved 
vertically. It was found that at noon in the 
spring dissociation of O, into atomic oxygen 
begins at 86 km, and that dissociation is rapid 
above this level. Berning (U.S.) reported that 
a similar method was being developed to 
measure water vapor distribution by absorption 
of infrared from the sun. 

Newell (U.S.) and Townsend, Johnson, 
Holmes, and Meadows (U.S.) summarized the 
observations of atmospheric composition at Ft 
Churchill on three flights using mass spectro- 
graphs for the neutral particles. The diffusive 
separation between light and heavy constituents 
was clearly observable, but the level at which 
this separation started varied from about 100 
to 120 km. Townsend suggested that this day- 
to-day variation might be due to large scale 
circulation changes. Wenzel, Loh, Nichols, 
and Jones (U.S.), reporting on a series of flights 
at WSPG in which air samples were taken at 
various altitudes and measured in the labora- 


tory, indicated that definite diffusive separation 
began at 90 km, and that there was slight 
separation on some occasions as low as 60 km. 
Wenzel referred to some previously reported 
rocket observations by Mirtov (S.U.), which 
also showed some slight separation at 60 to 90 


km. Thus, there appears to be a latitudinal 
difference in the mixing processes which control 
the level at which this separation begins. 

The same three flights at Ft. Churchill also 
gave results on the relative abundance of 
various ions at each level, which were sum- 
marized by Newell and given in some detail by 
Townsend. The main conclusions can be stated 
as follows, where the various ions are rated in 
terms of their relative abundance: 


100 km 150 km 
NO+,0,, 0+ 


NO+, 05, 0+ 


200 km 
O+,NO*,0; 
0+, NO+,03 


Also observed in the records were such ions 
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as N* and OH*, but in very small quantities. 
The dominant negative ion was NO;. 


Some preliminary results of ion sampling 
from Sputnik Ifl were also reported. Kras- 
sovsky (S.U.) described the ion traps, which 
are spherical grids or cages, separated from the 
main body by an arm and surrounding a 
charged probe. The probe-to-grid and grid-to- 
satellite voltages are changed stepwise, and the 
flow of current due to ions being collected by 
the probe is measured. The data are still being 
analyzed, but one sample result showed 
1-8 x 10° ions*/cm* at an altitude of 795 km, 
at a time two hours before local noon. A 
significant auxiliary measurement, based on the 
grid-to-satellite voltages and currents, was a 
potential of the satellite relative to the ambient 
plasma of - 6-4 V (same time and place). At 
night and at lower altitudes the satellite 
potential was less than one volt. Istomin (S.U.) 
reported some preliminary results from radio- 
frequency mass spectrometers on sounding 
rockets and on Sputnik IIT which were designed 
to sample the relative abundance of molecules 
between mass units 6 and 50. At altitudes 
between 105 and 206 km mass 30, which is 
NO*, predominated. On other samplings at 
altitudes from 230 to 820 km mass 16, or O*, 
was predominant. This is roughly consistent 
with the U.S. rocket results at Ft. Churchill, 
shown above. 


An interesting finding of the Sputnik III ion 
analysis was the presence at first of a positive 
ion of mass 18, apparently ionized water vapor. 
There was considerable discussion of this from 
the floor (much of which was lost on the 
audience due to the difficulties of translating 
the exchanges). Istomin maintained that water 
vapor under ultraviolet radiation from the sun 
would dissociate more readily than it would 
ionize, so there must be some other mechanism 
for ionization. Mirtov (S.U.), in a separate 
theoretical paper, concluded that above 150 km 
the mean free paths in the atmosphere are so 
large and the satellite speed so great relative to 
the molecular speeds that a molecule being 
desorbed or leaking from a satellite would have 
a low probability of being scattered back to the 
satellite and detected. However, he concluded 


Day NO+ 


that the observed ions of water vapor must be 
from the Sputnik itself, since the concentration 
decreased with time, even though the explana- 
tion is still not clear. He suggested that the 
ionization might be due to the plasma of 
“terrestrial radiation” particles. Krassovsky 
stated that there was no real mystery about the 
water vapor being ionized, and referred to a 
“recharging process”. 


2. BLECTROMAGNETIC PROPERTIES OF 
THE IONOSPHERE 

2.1. Free electron distribution 

For several years the electron distribution has 
been measured by rockets, using the general 
principle that a high frequency radio wave, just 
above the “critical frequency” of the ionsphere, 
will be progressively more retarded than a 
VHF radio wave as the rocket penetrates the 
ionosphere. The difference between the mean 
speed of travel of the two waves from rocket 
to ground depends uniquely on the total num- 
ber of free electrons along the path (one can 
ignore the small effects of the atmospheric ions). 
Thus, by keeping track of this difference as the 
rocket moves upward through the inosphere 
one can measure the free electron distribution. 

A number of variations of this technique 
have been undertaken during the IGY. Newell 
(U.S.), in his rapid-fire review of U.S. rocket 
work, mentioned that the results showed that 
the ionosphere above Ft. Churchill had the 
same general character as at WSPG, with no 
clearly defined minimum in electron density 
between the E- and F-regions. This was 
elaborated on by Seddon and Jackson (U.S.), 
who described the two-frequency phase-com- 
parison method, and indicated how differential 
absorption could also be measured. They 
made some flights during a polar blackout, and 
observed the increased ionization in the D- 
region at this time. They also detected a sharp 
sporadic E-layer, and observed a_ peculiar 


perturbation in the F-region called “spread-F’’. 
Krassovsky (S.U.) reported on similar obser- 
vations with rockets at an unspecified location 
in the U.S.S.R., and his results showed the same 
general character as those from the U.S.—a 
rapid increase at about 100 kin, the base of the 
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E-region, and a continuous slowly increasing 
background above this on which were super- 


imposed some smaller scale variations. The 
Soviet rocket on 21 February 1958, which 
reached 473 km, showed that even to this 
altitude there was little or no decrease in 
electron density above the F-region maximum, 
it still being about 10° electrons/cm’. 

Massey (U.K.), in reviewing the British 
“Skylark” rocket program, described a success- 
ful flight with a different technique for 
measuring electron densities. The nose of the 
rocket is electrically insulated from the body, 
and the inductance-capacity of this system is 
used to set the frequency of an oscillator. As 
the conductivity and dielectric constant of the 
ambient air changes, so does the frequency of 
the rocket oscillator. Apparently the response 
of this system is very rapid, since Massey 
showed an observation of fine structure in the 
F-region in which there were rapid changes in 
electron density in less than | km—fine structure 
which did not show up on the ground-based 
ionospheric recorder records. 


[he transmissions from satellites on 20, 40, 
and 108 Mc/s have also been studied exten- 
sively in order to learn about the ionospheric 
structure. Actual values of electron density 
can be obtained from satellite transmissions, 
but apparently with a good deal of strain and 
much less accurately than with rockets. Never- 
theless, a number of approaches to this problem 
were described, and a great deal of interest was 
expressed, since it is a phase of satellite work 
in which all countries can participate. Berning 
(U.S.) reviewed the difficulties inherent in the 
use of satellites for precise ionospheric work, 
and pointed out that errors can be due to iono- 
spheric inhomogeneities, lack of frequency 
stability in the satellite transmitter, and weak 
signals at long ranges. To overcome the last 
source of error, frequency filters with very low 
bandwidth have been developed which can 
permit reading a CW signal when the signal-to- 
noise ratio is as low as 1/4000. Observations 
of 20-040 Mc/s transmissions from Sputniks 
have been made in the U.S. with this equip- 
ment, observing the change in lag of the radio 
wave due to the ionosphere as the satellite 


| 


passes from horizon to horizon. The results 
applied to the determination of electron distri- 
bution above the F-region maximum appear to 
be erratic—Berning showed one case where 
electron density apparently continued to 
increase all the way to 1100 km. and other 
cases where there was a decrease, with various 
unexplained bumps on the curves. Another 
approach was reported by Kazanyev (S.U.), in 
which observed field strengths as a function of 
satellite range were compared with computed 
field strengths using various assumptions or 
“models” of electron distribution above 
the F-region maximum (He stated that 
the lower layers could be disregarded in the 
analysis when the satellite above the 
F-region maximum.) The best fit to the obser- 
vations at 20 Mc/s for ranges up to 2500 km 
was obtained when a very gradual decrease of 
density used in the theoretical 
model, thus confirming the Soviet rocket results 
However, it was noted by Kazanyev that bevond 
250) km the observed field Strengths were 
markedly higher than the computed ones, sug- 
gesting that the fine structure in the 1onosphere 
must be giving some “wave-guide propagation” 
wer the horizon 


was 


electr mn was 


The curious effects of the konosphere on the 
and 40 Mc ‘s Sputnik transmission over long 
distances 
Bain and 


Study of 
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were the subject of several papers 
Shearman (U.K.) made a detailed 
the Doppler records combined with 
bearing and angle-of-elevation measurements, 
in an attempt to explain the curious effects at 
the ends of the records when the Sputniks were 
over the horizon from the British Isles. Two 
examples were shown in which the Sputnik, 
many thousands of kilometers away. climbed 
through the F-region maximum. and the mode 
of transmission abruptly changed from a skip 
transmission (a bounce off the ground and back 
to the ionosphere) to a direct transmission. The 
assumption of a simple broad parabolic laver 
for the F-region can apparently explain this 
effect satisfactorily. They ended with an appeal 
on behalf of their colleagues for more infor- 
mation on satellite orientation, modulations of 
transmitters, antenna characteristics. 
etc., as well as on orbits. 


power, 


Another study, by 
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Warwick, Lawrence, and Schiffmacher (U.S.), 
of the Doppler records from Sputniks showed 
that the irregularities in these records, referred 
to as “residuals” from the smoothed curve, 
were due to ionospheric irregularities. Further- 
more, these residuals showed no apparent 
relation to zenith angle or to magnetic orienta- 
tion, and it was deduced that the irregularities 
responsible for them must lie in a thin layer 
in the ionosphere. 


2.2. Magnetic fields and electric currents 


The latest set of measurements by the U.S. 
of the earth's magnetic field at high altitudes 
was mentioned by Newell and described in more 
detail by Cahill and Van Allen (U.S.) and 
Meredith, Davis, Heppner, and Berg (U.S.). 
Cahill’s report referred to the rockoon flights 
with magnetometers from the U.S.S. Glacier 
last winter at a number of locations in the 
northern and southern hemispheres, with 
emphasis on the flights near the equator. Three 
of these flights penetrated the electric current 
sheet in the E-region, or “equatorial electrojet”’ 
and there is evidence to indicate that there 
may be two distinct levels of current flow, one 
at about 100 km and the other at over 110 km. 
In fact, at the peak altitude of 120 km in one 
case the rocket appeared to still be within the 
region of the upper electrojet. These currents 
were fairly stable, since the ascent and descent 
records agreed quite well. Meredith reported 
on rocket firings at Ft. Churchill, in which 
magnetometers able to measure the 
currents in the F-region associated with various 
phases of an aurora. (There were also various 
kinds of particle detectors on these rockets. as 
described below.) The general conclusion was 
that electric currents in the auroral zone are 
extremely variable in time (or space), since there 
were marked differences between the ascent and 
descent records. Berning (U.S.) reported that 
additional magnetometer measurements at Ft. 
Churchill were planned for the IGY 


were 


Dolginov (S.U.) described the equipment for 
measuring the earth's magnetic field in Sputnik 
I1!. Apparently there is a problem due to stray 
magnetic fields from other pieces of equipment 
in the Sputnik, but the records show very 


clearly the effects of rotation and precession of 
the vehicle—suggesting that it is a good device 
for determining the vehicle motion. This was 
a preliminary report, and Dolginov hopes to be 
able to use the data for a harmonic analysis 
of the earth's field at high altitudes. 


3. COSMIC AND AURORAL PARTICLES 


It is clear that there are two rather distinct 
kinds of charged particles in the earth’s upper 
atmosphere (and even beyond). Those called 
“cosmic rays’ are nuclei of various atomic 
species, protons being the predominant cosmic 
ray particle. The energies of these particles is 
measured in millions or billions of electron- 
volts. The origin of the cosmic rays is not well 
understood, but presumably most of them are 
truly cosmic, in that they come directly from 
distant star systems. 

The auroral particles, or “terrestrial rays”, 
are electrons and protons, most of which have 
energies of the order of 100 kilo-electron-volts 
(keV) or less. These particles, although they 
may Originate elsewhere, are semi-permanent 
residents in the vicinity of the earth, being 
trapped in orbits outside the atmosphere by the 
earth's magnetic field. 

In practice, it is sometimes difficult to distin- 
guish the two types, since some detectors will 
respond to either. Much of the recent research 
in this area, however, deals with detectors 
which are sufficiently sophisticated to sort out 
the various kinds of particles according to 
‘nergy, Mass, penetrating power, etc., and this 

‘is an important phase of the meeting. 

Cosmic rays have been under direct obser- 

ition for many years, and recently these 
/bservations have been extended in altitude by 
means of balloons and rockets. Van Allen and 
Cahill reported on the U.S. program, which 
began before the IGY, to sample high altitude 
cosmic rays at a wide range of latitudes using 
rockets, mostly rockoons. They found, as 
predicted by theory, that the fluxes were the 
same to within 5 per cent at corresponding 
north and south geomagnetic latitude, and at 
high latitudes they were about 15 per cent 
higher than over the equator. In the course of 


this work some of the firings in the auroral zone 
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into a 
region where they recorded a very large 
counting rate. The exact explanation for this 
large counting rate has been sought by a number 
of investigators. Van Allen (U.S.) summarized 
the high latitude rocket research on auroral 
particles, carried on since 1953, and Mcllwain 
(U.S.) and Meredith, Davis, Heppner, and 
Berg (U.S.) reported separately on some of the 
recent work at Ft. Churchill with special instru- 
ments for identifying the energy and type of 
particle. (Meredith's rockets also made 
magnetometer measurements, as _ previously 
mentioned.) The results of Mcllwain’s flight 
through a Class [| aurora showed that the 
electrons of 50 to 100 keV energy began to 
show up at about 80 km (as had happened in 
other flights with ordinary cosmic ray detectors), 
while protons of somewhat higher energies 
were detected starting at higher altitudes. 
Meredith indicated that on other flights at Ft. 
Churchill the results for both electrons and 
protons were variable with time, and there was 
an indication on one flight that the ion counting 
rate and ion energy remained constant from 
130 to 178 km. By noting the type and phase 
of aurora through which each rocket passed 
Meredith concluded that electrons of over 
| keV energy are only in the aurorae (at these 
altitudes below about 200 km), but that the 
energetic protons existed throughout the auroral 
region. 


had carried the cosmic ray detectors 


These same energetic electrons, which pene- 
trate down into the E-region in the auroral zone 
during auroral displays, have also been detected 
by satellites at much higher altitudes. Van 
Allen (U.S.) reviewed the results of cosmic ray 
research with Explorers I and III, results 
which had been previously announced in May 
1958. The main features of his report: Cosmic 
ray counts showed an altitude and latitude 
dependence which agreed very well with 
theoretical predictions, i.e. a slow and steady 
increase with increasing altitude and increasing 
geomagnetic latitude; at about 1000 km altitude 
the U.S. satellites’ counters showed an 
anomalous behaviour, which was interpreted 
as due to a very large flux of X-rays at the 
Geiger tubes due to auroral electrons striking 
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the skin of the vehicle. (“Bremsstrahlung” is the 
term usually applied to such X-rays.) During 
the Symposium a telegram was received from 
Van Allen, Mcliwain, and Ludwig offering a 
brief preliminary report on results from 
Explorer IV (1958 Epsilon), launched on 26 
July. It reads in part: “ All detectors are 
yperating properly and outputs are remaining 
within their dynamic ranges for quantitative 
General situation similar to that 
previously reported * Radiation intensity 
factor of several thousand 
between and 1600 km with rapid rise 
beginning about 400 km Total energy 
scintillator gives 10 ergs cm~* sec”' per sterad 
at 1600 km On basis this fact and our 
previous rocket and balloon flight data in 
auroral zones, consider it reasonable to suppose 
that most of energy flux is due to electrons 
whose energy is typically 50 keV. Total flux 
of such low energy electrons is order of magni- 
tude 10° cm™* sec’ per sterad. No evidence 
for marked temporal fluctuations during three 
day period. High intensities extend to lower 
altitudes at high latitude. Exposure level at 
1600 km of the order of 2 r per hr " In 
this same communication the discovery of a 
flux of some 10° cm™ sec™' per sterad. of a 
much more energetic particle, either 6 MeV 
electrons or 40 Me\ protons, was reported 
This was taken to be favor of 
Neher’s suggestion that the reflected or scattered 
cosmic rays may be stored in the “geomagnetic 
mirror”, ie. trapped in the earth's magnetic 
field. The more numerous low energy electrons, 
it was tentatively suggested, may be due to the 


decay of upward moving mu-mesons. 


The Soviet satellites made extensive 
cosmic and auroral particle measurements. The 
first report on this subject was by Vernov (S.U.) 


measurement 


increases bv a 
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evidence in 


also 


at a special evening session devoted to his paper 


alone He reviewed the Soviet wi wk in this 
area, which started with rockets in 1947, 
described the various types of detection 


systems, including those in Sputniks II and III, 
and summarized the results. The flux of 
primary cosmic rays was shown to increase with 
altitude and geomagnetic latitude in a regular 
way, on the basis of Sputnik IT measurements, 
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due to the change of magnetic field, and they 
also saw an apparent shift of the “cosmic ray 
equator” relative to the geomagnetic equator 
in these observations (a phenomenon, as Vernov 
pointed out, which had been detected by 
Simpson from low level observations). Both 
Sputniks Il and encountered the sudden 
increase of counting rates as they penetrated 
the regions of the trapped auroral electrons. 
Due to the high inclination of the Sputniks 
(about 65° to the equator), they were able to 
see these at lower altitudes than the first 
two Explorers—in fact, the Sputniks only 
encountered them, apparently, at latitudes in 


excess of 50°, which does not seem to be 
entirely consistent with the U.S. results just 
described 


Chudakov, Kurnessova, and Krassovsky each 
gave preliminary reports in more detail on the 
ray observations in Sputnik IIL. 
Chudakov described the Nal scintillation 
counters and the system for continuously tele- 
metering the observations, and showed how the 
counting rate increased rapidly as the Sputnik 
approached higher latitudes, the transition 
occurring sooner when the altitude was greater 
Although Chudakov reported some modulation 
of the counting rates with roll, and also a 
diurnal effect, there were apparently no corre- 
lations of these with solar flares. He ended 
with a plea for recordings of Sputnik IIT tele- 
metry from other places outside the Soviet 
Union, since, he said, with his system of direct 
telemetry he had limited geographic coverage 
and nothing from the southern hemisphere. 
Krassovsky gave very much the same story, as 
a result of various scintillation counters using 
fluourescent screens with thin metallic cover- 
ines, and elaborated on several interesting 
theoretical implications of the particles trapped 
in the earth's magnetic field. Kurnessova 
described the results of Sputnik observations 
based on the Vairlov-Cherenkov effect, the 
purpose being to count the flux of heavy nuclei 
in the primary cosmic rays. The two alter- 
native thresholds were set for nuclei of mass 
number (Z) greater than 15 or 16 and greater 
than 30. Preliminary results, based on 1°5 hr 
of observation over a 10 day period, indicate 


a 


an average of 1:2+0-1 counts per minutes for 
Z greater than 16, and only one count in the 
entire period for Z greater than 30. 

Another evaluation of the Explorer I obser- 
vations was by Aono (Japan), which served 
to emphazise the potentially international 
character of an artificial satellite when the 
launching agency makes information on the 
telemetry system and satellite characteristics 
available to scientists in other countries. Aono 
compared counting rates in the first U.S. 
satellite over Japan and over California and 
found evidence for a “soft component” in the 
counting rate, and a strong correlation between 
counting rate and F, critical frequency, which 
are also evidences for a soft cosmic ray com- 
ponent. Finally, he found that, although low 
altitude counts are unaffected by changes in 
the world index for magnetic activity (the so- 
called ““K-index’’), the counts at higher altitudes 
tend to increase with increasing geomagnetic 
activity 


4. SOLAR AND STELLAR ULTRAVIOLET 
AND X-RAY RADIATION 


Because rockets and satellites can rise above 
the atmosphere, which absorbs all incoming 
radiation with wavelengths shorter than about 
3000 A (in the ultraviolet), scientists have 
recently been able to explore a_ previously 
unobservable part of the solar spectrum. The 
short wavelength part of the sun’s spectrum is 
of considerable practical interest, since it is 
well established that changes in this radiation 
cause important changes in the earth's upper 
atmosphere, often accompanied by magnetic 
storms, radio blackouts, auroral displays, etc. 

Newell touched on the U.S. work in this field, 
and this was elaborated upon by subsequent 
speakers. Byram, Chubb, Friedman, and 
Kupperian (U.S.) reviewed the studies of the 
intensities of the solar Lyma—z, Lyman-—8, and 
other adjacent lines in the ultraviolet between 
1050 and 1340 A, using photon counters. The 
Lyman—z line of hydrogen (at 1210 A) is by 
far the strongest in this region, and as previously 
reported contains about 6 ergs cm™~* per sec, 
apparently unchanged during periods of solar 
activity. Purcell, Boggess, and Tousey (U.S.) 
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described high resolution photographic spectra 
of the sun in the ultraviolet, down to a little 
under 1000 A, in which most of the lines have 
been identified. 

Kupperian, Byram, Chubb, and Friedman 
(U.S.) also reported on a survey of Lyman—z 
radiation in the night sky, using a field of view 
of about 3 It was found that this radiation 
was nearly isotropic, but with a measurable 
minimum in the antisolar direction. This 
radiation is due to emission by the hydrogen in 
interplanetary space, and it is estimated on the 
basis of these observations that there must be 
about | neutral hydrogen atom and 100 to 1000 
protons per cm’ in space. (Professor Schlovsky 
(S.U.), reporting in the Airglow and Aurora 
Symposium, came to the same theoretical con- 
clusion on the basis of these same rocket 
observations.) The albedo of the earth’s 
atmosphere for this Lyman—z of interplanetary 
origin is much higher than for solar Lyman—z, 
since its line width is narrower, and atmos- 
pheric hydrogen can therefore scatter it back 
more effectively. Finally, although this radia- 
tion is several hundred times weaker than the 
corresponding daytime radiation, it may contri- 
bute one-tenth to one-fifth as much ionization 
to the lower ionosphere and could explain 
a large part of the nocturnal ionization 
in the E-region. By a further analysis of the 
inhomogenieties of this Lyman—z radiation, and 
also of radiation at 1300 A, Kupperian, 
Boggess, Milligan, and Friedman (U.S.), in a 
Separate paper, concluded that there are definite 
stellar sources of ultraviolet emission giving 
some 10-* ergs cm~* per sec in these wave- 
lengths. 


Turning to the X-ray radiation from the sun, 
Friedman, Chubb, Kupperian, and Lindsay 
(U.S.) reported on the rocket observations of 
solar radiation in various wavelength intervals 
below 100 A. The significant conclusion was 
that X-ray radiation from the sun at about 
2°5 A does increase with solar flare activity, 
whereas Lyman-—z radiation does not. The 


authors argued in favor of a solar X-ray change 
as an explanation for the increased ionization 
in the D-region (70-90 km) which accompanies 
radio blackouts. 


. 
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Kupperian and Friedman (U.S.) gave some 
results of observations of “gamma rays” from 
rockets, giving the flux and energy distribution 
for various altitudes. The energy range is from 
20) to 260 keV (mostly below 50 keV), and the 
total energy flux is of the order of 10°° ergs 
cm~* per sec. There is no particular evidence 
suggesting that these come from the sun. To 
Simpson's inquiry as to whether these might be 
due to bremstrahlung formed in the atmosphere 
from energetic electrons, Friedman replied that 
under certain assumptions this could be a 
possible explanation 


5. MICROMETEORITES 


Rockets, satellites, and would-be satellites 
have all been used to detect the tiny solid 
particles which inhabit the solar system. Since 
they are fairly few and far between, it is usually 
necessary to have long records in order to get 
a really meaningful sample. and so satellites 
are the preferable vehicle for this purpose 

Richter (U.S.), in reviewing the results from 
Explorer | and (published previously) 


suggested that Explorer II] may have been hit 
by some larger meteors when two of the wire 


meteor detectors were severed almost simul- 
taneously, followed by erratic behaviour in the 
high-power transmitter. This event coincided 
with the eta Aquarids, one of the regularly 
occurring meteor showers 

Nazarova (S.U.) summarized both rocket and 
satellite meteor observations, using ballistic 
piezoelectric pickups, made of ammonium 
phosphate, capable of recording down to a 
meteor of mass about 10° g. Comparing 
rocket and satellite results, referred to a 
nominal | m® area, the average impact rate 
observed with rockets between 150 and 300 km 
was 31 impacts/sec, while for Sputnik Hf it 
was 38+ 10 impacts/sec at 500 to 600 km and 
90434 impacts’ sec at 1700 to 1880 km. 
(These values would appear to be 10° to 10* 
higher than previously reported for Explorers | 
and III by Dubin.) 

La Gow, Schaeffer, and Schaffert (U.S.) 
described the micrometer observations on the 
27 May 1958, firing of a 20-in. sphere which 
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was intended as a satellite but ended as an 
excellent high altitude rocket flight, going to 
2500 km altitude. The counting rates, on a 
crystal microphone which gave a fairly uniform 
response over the whole sphere, were erratic. 
After the end of third-stage burning there was 
a period with no impacts. Then, between 1450 
and 1550 km there was a flurry of impacts, 
followed by 9 more counts at irregularly spaced 
intervals to the end of the record at an altitude 
of 2500 km. Curiously enough, at the time of 
the rapid counting rate on the microphone 
there were positive signals in a number of 
separate optical or photon detectors, a coin- 
cidence which is difficult to explain. (Following 
this talk, and also following her own talk, there 
was a lively discussion between La Gow and 
Nazarova, which was largely lost in a muttering 
of interpreters. Central issues were apparently 
the methods of calibrating meteor detectors, 
correspondence between momentum and energy 
of meteors, and size of sample needed to obtain 
a measure of the total flux of meteors into the 
earth's atmosphere.) 


6. BIOLOGICAL EXPERIMENTS 


Although the Rockets and Satellites Symposia 
were devoted primarily to geophysical and 
astrophysical matters, it was inevitable that 
some report be made on the Soviet experiments 
with dogs. Yazdoosky (S.U.) described the 
early experiments in which rockets were used 
to carry the subjects to high altitudes, after 
which they were recovered (alive) by parachute, 
and went on to review the well publicized 
experiment with Laika in Sputnik If. The 
purpose of these flights was to test the effects 
of cosmic rays, acceleration, and zero-gravity 
on living mammals, and to develop ways of 
providing a liveable environment in space with 
a minimum of weight. Dogs were used 
primarily since their normal physiology is so 
well known. 

In Sputnik Il the complex changes in respira- 
tion and heartbeat observed during take-off 
apparently did not have a_ pathological 
character, and the animal returned to a state 
where its physiological functions were essen- 
tially normal. 
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7. ROCKET AND SATELLITE 
INSTRUMENTATION AND SPECIAL 
APPLICATIONS 


to the scientific 
a rocket or satellite, 


In addition 
aboard 
a variety 


instruments 
there is, of course, 
f other instrumentation concerned 
with guidance, telemetry, power supply, etc 
The emphasis in the Symposia being on obser- 
vational results, there were relatively few papers 


in the area of auxiliary instrumentation 


However, in 
reported, in 
times described 


addition to the papers already 
which instrumentation was some- 
in great detail, Spencer (U.S.) 
review of the development at the 
University of Michigan of radioactive ionization 
for measuring pressures from rockets 
Due to large mean free paths and the layer of 
gas surr yunding the rocket, static pressures 
cannot be effectively measured above about 90 
to 100 km. However, advantage can be taken 
f the “ram effect’ at high speeds, and with 
the rockets used at Ft. Churchill a twenty-fold 
increase in pressure can be obtained. He 
pointed out the wide dynamic range of such 
ionization gauges, extending from 


gave a 


gauge 


radioactive 


| to mm. This paper was supplemented 
by that of Michnevich (S.U.) who discussed 
the Soviet development of thermo-ionization 


gauges, capable of measuring from 10~° to 10 
mm, and magnetic manometers measuring down 
10-° mm. Michnevich also went into the 
serious problems involved in sampling air at 
such low pressures or densities due to ionize ation 
f the gas, behavior at the inlet, 
Two of the satellites still in orbit have special 
devices, known as solar cells, for converting 
sunlight directly into electricity. These repre- 
sent one of the most promising sources of 
power for space vehicles. Zahl and Ziegler 
(U.S.) reviewed the general question of power 
sources and compared the three potential con- 
tenders: chemical cells, radiactive power units, 
ind solar cells. The silicon cells used in the 
Vanguard were developed by Bell Telephone 
Labs, and have been extensively tested in the 
laboratory as well in the satellite. The 
Vanguard cells are apparently still effective and 
he transmitter running off them is being heard 
whenever the satellite is in the sunlight. Vavilov 
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(S.U.) went into the theory of silicon solar cells 
and some of the factors controlling their 
efficiency, such as thickness of film, chemical 
action at the surface, etc. The Soviet cells were 
tested in a vacuum and under electron bom- 
bardment before being used in Sputnik III. 
So far, there has apparently been no adverse 
effects observed from cosmic rays or meteors. 
Like the Vanguard cells, the Sputnik cells are 
covered with a protecting glass plate. 

A special application of rockets for a not- 
necessarily geophysical purpose is the use of 
rocket flashes for surveying in widely separated 


points. Atkinson (U.K.) described how the 
theory had been worked out and the scheme 
appears to be entirely practical. (Whipple 


(U.S.) commented that this useful technique 
had indeed been used to survey in the meteor 
cameras in New Mexico.) 


8. REVIEWS OF ROCKET PROGRAMS 


One of the aims of the Symposia being to 
report to the scientific community on the scope 
and the goals of each country’s rocket sounding 
program, there were a number of review papers 
devoted to this more general end 

Massey (U.K.) described the British “Sky- 
lark” rocket program. The Skylark is a solid 
propellant rocket capable of carrying 150 lb to 
better than 170 km. It was developed at the 
Royal Aircraft Establishment, Farnboro, and 
has been fired at Woomera, Australia. After 
a number of test flights, three successful flights 
have been made with instrumentation. (Results 
of these were given by Massey, and are sum- 
marized above.) Future flights will continue 
the grenade experiments to determine winds 
and temperatures, the foil “window” to give 
winds, and the electron density determinations. 
In addition, it is planned to study micrometeors, 
Lyman-z, airglow, and possibly composition 
and ionization by means of mass spectrographs 
and electrical probes. 


Newell (U.S.) gave a comprehensive review 
of U.S. rocket results from the first twelve 


months of the IGY. In this period some 116 
upper air sounding rockets were fired, of which 
41 were at Ft. Churchill, Canada, 54 were 


rockoons from shipboard at locations from the 


‘ 


Arctic to the Antarctic, and the remainder were 
at White Sands (New Mexico) and San Nicolas 
Island (California). The emphasis was on 
extending geographic coverage and on exploring 
the hitherto inaccessible Arctic upper atmos- 
phere. A variety of rocket combinations were 
used, such as the Nike-Cajun, Nike-Asp, and 
Nike—Deacon, in addition to the well known 
Aerobee and the rockoons. Future firings will 
include a new rocket called the Spaerobee. 
The total number of future firings during the 
remainder of the IGY will be 70, of which 
more than half will be at Ft. Churchill. The 
results of the rocket program to date, as 
described by Newell, have already been covered 
for the most part and so will not be repeated 
here 

Hatanaka (Japan) described the Kappa, 
Type 6, sounding rocket developed recently in 
Japan. It is a two-stage solid propellant rocket, 
5-3 m in overall length and weighing 255 kg. 
It uses a mobile launcher. It is capable of 
carrying a payload of 4:5 kg to 45 or 50 km. 
After some early development troubles, the 
Kappa has now flown a number of times 
successfully, and the grenade experiment to 
determine winds and temperatures has been 
tried. Future firings will continue to use 
grenades, and the Japanese program will also 
include cosmic ray and ionospheric measure- 
ments 

The Australian rocket program was reported 
on in a paper by Webster (Australia). In 
addition to supporting the U.K. program, the 
Australians have their own “Long Tom”, a 
two-stage missile capable of going to 100 km. 
They plan to study winds, ionization densities, 
and micrometeors. 

The past results of the Soviet rocket program 
were reviewed piecemeal by Krassovsky, 
Yazdovsky, Shvidkovsky, Istomin, and Mich- 
nevich. These papers have already been 
treated. There was no mention of the future 
plans for the Soviet rocket program. 


9%. SATELLITE PROGRAMS 
Beyond the papers which have already been 
mentioned, there were no general reviews of 
satellite programs in the U.S. or in the S.U. 
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Furthermore, any discussion of future satellites 
or satellite experiments was conspicuous by its 
absence—though the U.S. satellite program for 
the IGY has been reported elsewhere in some 
detail, and some general reports have also been 
issued on the Soviet program 


There was one phase of satellite work, how- 
ever, which received more attention than any 
other single subject: Satellite tracking and orbit 
theory. As mentioned earlier, the process of 
observing satellites as they pass overhead by 
various means has occupied scientists in many 
countries, since satellites obviously know no 
international boundaries. Moreover, the effort 
to obtain good orbit parameters requires 
observers in many places who can report their 
observations to central computing facilities 
where the observations can be combined. 

The opening paper of the Symposium was 
by Sedov (S.U.), who reviewed the funda- 
mentals of orbit theory and the effects of drag, 
and he was followed by Whipple (U.S.) who 
described the U.S. IGY optical tracking and 
computation systems with its international net- 
work of co-operative satellite cameras, which is 
directed by the Smithsonian Astrophysical 
Institution. Hynek (U.S.) in a later paper went 
into more detail on the Smithsonian's program, 
and told about the moonwatch teams and their 
visual observations. Siry (U.S.) discussed the 
U.S. minitrack radio tracking system and the 
Vanguard computing facility, which is also an 
international effort, and Cormier (U.S.) 
explained the U.S. National Academy's simpli- 
fied satellite prediction procedure, which could 
be used to predict times and locations of passes 
by a hand computation using certain basic 
orbital parameters. The activities in other 
countries which support the U.S. optical and 
radio tracking programs were reported separ- 
ately: Miyada for Japan, which has three 
moonwatch teams and a Smithsonian satellite 
camera for optical tracking, and its own radio 
tracking facility for observing the U.S. satellites 
at 108 Mc/s, and Webster for Australia, which 
has five moonwatch teams, a Smithsonian 
camera, and a prime minitrack station which 
feeds information to the Vanguard computer 
center. Both of these countries have also made 
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recordings of the telemetered data from both 
U.S. and Soviet satellites. 

The Soviet moonwatch program, using a net- 
work of observing teams dotted about over the 
Soviet Union, was treated by Masevich (S.U.). 
This program also uses various kinds of satellite 
cameras, of which 25 are specially designed for 
this purpose, and others are modified astro- 
nomical telescopes. These observations are all 
processed at a central computing facility, which 
(like both the Vanguard and Smithsonian 
systems) sends out predictions of satellite 
passage to the many co-operating stations. The 
Soviet scientists did not mention any precision 
radio or radar tracking, but Shachovsky (S.U.) 
talked about the amateur radio stations which 
make Doppler measurements on the Sputniks. 
There are some 28 of these, mostly in western 
Russia or in a straight line along the 55th 
parallel. 

So much for the large scale efforts. There 
were many papers on various observational 
techniques and on orbit theory. Cornford 
(U.K.) discussed some refinements to the orbital 
theory, and showed how both radio and visual 
tracking methods had been applied in Great 
Britain; Harris and Jastrow (U.S.) presented a 
short program for determining an approximate 
satellite ephemeris from a small number of 
radio tracking observations, including the 
effects of atmospheric drag. Many facets of 
optical tracking were treated: Tousey (U.S.) 
on studies of limiting visual magnitudes for 
satellites; Shklovsky (S.U.) on the angular (and 
timing) errors involved in the various optical 
methods, ranging from moonwatch (manned) 
observations to the most advanced photographic 
and/or photoelectric systems; Smyth (U.K.) on 
the use of 35 mm cameras with a special 
arrangement for applying time markers; and 
Hynek (U.S.) on the Smithsonian cameras 
designed by Baker and Nunn. On the subject 
of radio, radar, and Doppler analysis, there 
were papers by Cornford (U.K.) and Siry (U.S.), 
already mentioned, by Blackband (U.K.), who 
reviewed the use of Doppler and interferometric 
methods in Great Britain and showed how 
Doppler records at 20 and 40 Mc/s could be 
corrected for ionospheric effects, by Haywood 
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(U.K.), who described amateur Doppler 
measurements on the Sputniks I and II, and 
by Berning (U.S.), Warwick, Laurence, and 
Schiffmacher (U.S.), Kotelnikov (S.U.), and 
Kitchen (U.K.) on refinements in the use of 
Doppler techniques. Evans (U.K.) reported on 
results with the 80 m diameter radio telescope 
at Joddrell Bank converted to a radar (on 100 
and 36 Mc/s). There was considerable discus- 
sion in this paper on the large fluctuation of 


the radar cross-sections of satellites and 
sputniks, presumably due to changes in 
orientation. 


Finally, there were several papers on a most 
dramatic part of a satellite’s career, its final 
plunge back into the atmosphere. Harris and 
Jastrow (U.S.), Jacchia (U.S.), and Cornford 
(U.K.) each reported on the spectacular demise 
of Sputnik II (1957 8) over the Caribbean on 
13 April. According to the collected reports, 
this Sputnik was visible as a glowing object 
with a short tail over Long Island, N.Y., and 
a few minutes later it was sighted over Barbados 
as a bright object of —6 to — 9 magnitude with 
a tail estimated to be 100 km long. Shortly 
thereafter it faded rapidly and appeared to 
break up. Harris and Jastrow also presented 
some observations and calculations of the final 
plunge of the Sputnik I rocket body (1957 z,) 
on | December. Its last days were accurately 
observed optically, so that its decaying orbit 
could be computed. A last pass was observed 
by the Malvern radar in Great Britain, at which 
time it was at only 74 miles altitude. The 
impact point must have been somewhere along 
a NW to SE line extending from north-central 
U.S.S.R. across Outer Mongolia and into China 
near Hongkong. There was apparently no 
published report by the Soviets or Chinese that 
this object had been observed, and Jastrow 
suggested that an enquiry in this region might 
be fruitful. 

In conclusion, it is the feeling of this author 
that the CSAGI Rockets and Satellites Sym- 
posia held in Moscow in August 1958 were for 
the most part highly interesting and successful 
Although much remained to be told, there is 
no question about the value of the scientific 
information in this rapidly moving field which 


. 
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was discussed. Our Soviet hosts are also to be 
thanked for their hospitality and the care with 
which they treated their guests from many 
countries. It is unfortunate that more of our 
colleagues could not be there to take part 
perhaps this report will at least partially make 
up for their loss. 
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AVANT-PROPOS 


Les Astres et l’Espace qui nous en sépare conditionnent la vie 
humaine sur la Terre et l’évolution de notre monde. Aussi ont-ils, de 
temps immémorial, tenté non seulement les réveries des poéetes et les 
méditations des philosophes, mais aussi le désir de connaissance des 
hommes et suscité les premiéres Sciences, |’Astronomie fournissant 
dés l’origine le moyen le plus commode et le plus précis de définir et 
de repérer le Temps. 

Jusqu’a ces derniéres années, la connaissance des Astres et de 
l’Espace restait entravée par l’impossibilité d’éloigner notablement du 
sol terrestre observateur et instruments d’observation. 


En réalisant la premiére expérience humaine de Mécanique 
céleste, le lancement réussi en octobre 1957 du premier SPOUTNIK 
a marqué pour cette connaissance le début d’une ére nouvelle. 


Au premier satellite terrestre artificiel vient de succéder, 4 quinze 


mois seulement de distance, la premiére planéte solaire artificielle. 

Désormais, la route est donc largement ouverte a l’exploration 
de l’Espace, d’abord par instruments puis par observateurs, et 4 une 
étude infiniment plus large et plus détaillée du milieu spatial et des 
Astres. 


Le progrés de toutes les sciences qui s’y rattachent en sera trés 
rapidement accéléré, et importance vitale des problémes que ces 
sciences concernent y attirera de plus en plus |’intérét de milieux 
scientifiques trés divers. 

C'est donc a l’heure opportune qu’apparait une publication a 
caractére international, vouée a diffuser et 4 propager les nouvelles 
connaissances relatives aux Astres et 4 l’Espace, Terre et Atmosphére 
terrestre comprises. 


Puisse donc Planetary and Space Science remplir pleinement ce 
role et contribuer ainsi, en faveur de lhumanité tout entiére, aux 
progres les plus utiles de la connaissance scientifique! 


MAURICE Roy. 
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The last two parameters characterize the total 
energy release in the crystal per time unit 
of anode and 
dynode currents makes possible the determina- 
tion of total ionization produced in the crystal 
(dynode current), 1s an evaluation, on 
the average, of the energy spectrum of this 
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in the region of the last 
electrodes. Hence, the relation 
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depends on the value of 


monmzation 
effect of non-linearity 
photomultiplier 


This is possible by 


between the currents 


mediate dvynodes 
separ ite pulses 


In ord 


ind 


small anode 
a circuit w worked out 
the principle of charge 
a capacitor. After charging to the 
break-down potential of a neon bulb, the 
condenser discharges through the bulb until 
the bulb extinguishes. This method made it 
possible to measure currents of 10°'°A. The 
pulse produced by the discharge operates the 
trigger which controls the relay; the position of 
the connections of this relay is transmitted by 
radio 


er to measure relatively 
fynode currents 


hich 


as 
»perated 


storage hy 


To measure the counting rate, pulses arising 
on the last photomultiplier dynode are amplified 
by the two-stage amplifier and come to the input 
of the binary scaler having a scaling factor of 
4096. The threshold of the scaler corresponds 
to an energy of 35keV. The last trigger of the 
scaler controls the position of a proper relay 
All electronic components were made of semi- 
conductors. The total power supplied to the 
instrument was equal to 0-15 W. 
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STUDY OF COSMIK 


For telemetering the transmitter “Majak”’ 


was used (frequency 20Mc/s). This trans- 
mitter operated during the satellite flight 
without interruption The transmission of 


information by the “*Majak” was carried out by 
varying the duration of telegraph signals. We 
used the second and third signals (second and 
third channels) 

Fig. | gives the block-scheme and shape of 
telegraph signals emitted by the transmitter 
The duration of the signals depends on the 
resistance applied to the entrance of the corres- 
ponding channel 


at R=0 
R=10k02 


msec 
100 msec 
150 msec 


Change of the relay position takes place after 
Storage of a certain charge (relay 1 and 2) or at 
storage of a certain number of pulses (relay 3) 
Thus the intensity can be calculated by the 
formula J=K/T, where T is the time during 
which a given relay is kept in one position 

In the case of measuring the counting rate 
K. — 2048 

In the case of measuring ionization by the 
anode current, K,=2 10° eV 

In the case of measuring ionization by the 
dynode current, K IS = 10° eV 


Photornuitipiier 


[ Anode current measurement circuit 


Marker 


Fig. 1 
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I Dinode current measurement circuit 


23sec 


Block-scheme of the apparatus and shape of telegraph signals. 
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Coefficients K, 
means of calibration by 


and K, were measured by 
-rays of the mercury 
isotope Hg 279 keV). In this 
the dependence between the energy and pulse 
amplitude is still linear. The maximum output 
pulse amplitude occurs at an energy of | to 2 
MeV or greater. Thus, if the instrument is 
irradiated by primary cosmic rays only 
case the energy of pulses exceeds 20 MeV), one 
can that measurements of the 
current would give values of ionization at least 
10 times less than the measurements deter- 
mined by dynode current, for which the effect 
of non-linearity is practically negligible 
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2. DATA TREATMENT 


Information is obtained for the most part as 
transmitted ‘“*‘Majak”’ 


receivers on 


signals recorded by 
tape At 
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finished 1 small part 
analysed lime intervals corresponding fo 
satellite flight over the territory of the U.S.S.R 
for 15-20 May and 16 June 1958 have 
been studied more completely. Separate records 
from the Southern Hemisphere for 7, 17 and 12 
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a month of flight. Information on ionization 
currents was obtained during more than 3 
months, since the power consumption by these 
elements of the instrument was small and since 
a large power supply had been provided 
Measurements of the counting rate showed that 
the number of pulses in all cases exceeds by 
10 or more times the counting rate expected 
from the primary cosmic rays. This means that 
photon registration is the main contribution to 
the counting rate.* At least a part of these 
photons must depend on the photon albedo 
arising in the atmosphere under the action of 
cosmic rays 

Figs. 2a and 2b show typical examples of 
recording performed by a single receiving 
station (Fig. 2a) and by two receiving stations 
(Fig. 2b) in the U.S.S.R. The lower curve 
shows the counting rate, the two upper curves 

ionization (complete energy release in the 
crystal per sec) The measured ionization 
exceeds by several times the ionization expected 
due to cosmic rays. The fact that a large part 
of ionization is not connected with cosmic rays 
follows also from the small difference between 
the records of dynode and anode currents. This 
phenomenon proves that at least some “excess 
ionization” takes place 

However, the relation between the counting 
rate and ionization does not make it possible to 
explain this phenomenon at any energy of 
incident radiation. The point is that even if 
the energy of incident photons is lower than 
the threshold of registration by the counting 
channel, the counting rate would be 1 order 
larger than the observed one, since at the 
intensity necessary for the production of the 
observed anode current, time pulse overlap 
plays its role. This fact was checked during 


X-ray irradiation of the instrument in the 
laboratory 
lt happened that the observed relation 


between the counting rate and anode current 
can be obtained only when the photocathode is 


* This conclusion follows from a comparison of 
these results with the data obtained by Geiger 
counters. It should also be taken into account that a 


scintillation counter was placed inside the aluminum 
envelope of the Sputnik, so that the detector was 


surrounded by a layer of matter at least 1 ¢ cm 
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Fig. 2. Characteristic recording of counting rate 

and ionization by the data of the scintillation 

counter for 19 May 1958. 

Abscissa: Moscow time 

@ lonization by measurements of dynode current 
lonization by measurements of anode current. 

@ Counting rate. 


illuminated by a steady light source. Thus 
“excess ionization” can be explained only as a 
long afterglow-phosphorescence of Nal (TI) 
crystal. 

The study of the crystals used by us has 
shown that this phenomenon really takes place. 
Fig. 3 shows one of the afterglow curves. In 
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Fig. 3 
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Nal afterglow curve. lonization in the crystal necessary 


to produce the observed afterglow’ intensity is shown on the 


ordinate axis. 


this case the irradiation of the crystal by X-rays 
with an energy of 80 keV was continued for 
40 min, and the intensity of irradiation corres- 
ponded to an energy release in the crystal of 
14x10" eV per sec. Just after the X-ray 
tube was switched off, the current in the photo- 
multiplier decreased by 140 times. The law of 
the afterglow can be approximated by a sum 
of three exponents with >= 15, 75 and 150 min. 
rhe total energy of the long light emission is 
about | per cent of the short light emission. 
Thus “excess ionization” over the territory of 
the U.S.S.R. recorded during the satellite flight 
can be explained for the most part, not 
by the radiation available in that region, but 
by some “memory” of the crystal, irradiated 
as will be shown below, in the region of the 
equator. 

In Fig. 2a one can see oscillations of the 
anode and dynode currents during a period of 
about 2:5 min and modulation of the order of 
10 per cent. The period of these oscillations 
coincides with the period of the satellite 
rotation. Obviously, current oscillations are 
caused by the influence of the earth's magnetic 
field on the sensitivity of the photomultiplier. 
This magnitude of the effect was expected on 
the basis of laboratory measurements. The fact 
that the counting rate has no such oscillations 
proves that only a small part of the photon 


spectrum has energies close to the threshold 
energy of 35 keV. 


3. ELECTRONIC COMPONENT OF COSMIC 
RAYS IN THE POLAR REGION 


As one can see from Fig. 2a, the counting 
rate increases sharply at a certain moment. 
[his effect is observed in all cases when the 
satellite is flying in the region of approximately 
60°N. When the satellite moves from north 
to south, one can observe a decrease of the 
counting rate. Fig. 2b shows one of the cases, 
when the beginning of increase as well as 
decrease are recorded on the same path. 

In the region of increased counting, it is not 
always possible to make an exact measurement 
of this counting rate, since the intensity often 
exceeds the potentialities of radio-telemetering 
and of the scaler. In these cases one can only 
state that the intensity exceeds some limit. In 
Fig. 2b, arrows are used just for this purpose. 

Fig. 2a shows that a considerable increase of 
counting rate is not followed by an appreciable 
increase of ionization. Consequently, the energy 
of separate particles is very small, and, taking 
into account the screen thickness (1 gcm~*), 
one can conclude that in this case photons are 
registered. On the other hand, the observable 
strong dependence of the intensity on geo- 
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graphic coordinates may take place only for 
charged particles 

If one assumes that the counter records a 
bremsstrahlung radiation of electrons absolutels 
absorbed in the satellite envelope, it becomes 
possible to explain the observed facts. The 
analysis of many records similar to | ig. 2a and 
Fig. 2b permitted us to determine that in the 
region of counting rate a_ slight 
increase of ionization is, on the average, observ- 
able. Comparing this increase of ionization 
and increase of the counting rate, one can 
estimate photon energy of the 
radiation and, consequently, 
The photon energy will be of the 
of 100 ke\ he sign “less” arises 
due to the fact that in some cases only a low 
limit of counting rate is known. However. the 
photon energy cannot be significantly lower 
than 100 keV, since the threshold is 35 keV 
Thus, the most probable value of the energy 
of electrons responsible for the effect is about 
100 ke\ 

A flux of these 
by considerable 


incre ised 


bremsstrahlung 
the energy of 
electrons 


order yr less 


particles is characterized 
fluctuations; sometimes the 
increase of ionization is absolutely negligible 
However, the counting rate strongly increases 
in every case 


Thus, the polar region is characterized by a 


Fig. 4 


of the count ng 
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permanent electron flux, the intensity of which 
varies in a wide range. Taking into account 
the efficiency of electron registration by the 
bremsstrahlung — radiation, estimate the 
electron flux as 10° to 10° particles/cm* sec 
Sterad 

Fig. 4 shows a geographic diagram on which 
points indicate the places where the satellite 
was flying in a region of a large intensity, and 
crosses indicate the places where the satellite 
was leaving this region. The map is prepared 
in accordance with the date for 15-22 May 
1958. The fact that the crosses are located 
somewhat southward, apparently, points out the 
dependence of the effect on altitude, since the 
crosses correspond to “opposite paths” (the 
motion from north to south) and, consequently, 
to a higher altitude of flight 

The region of high intensity is not located 
symmetrically to the magnetic field. In order 
to illustrate this fact, a geomagnetic parallel is 
given as a dashed line. Further treatment must 
give additional information concerning the 
longitude dependence and also must clear up 
the dependence on the solar time. It would 
also be of interest to establish the correlation 
between the intensity of electron radiation and 
other geophysical phenomena 

At present it is difficult to give a complete 


we 


Map of the location of points in which a sharp increase 
rate arises (circles) 


Crosses correspond to the 


satellite coming out of the polar zone, where an increased counting 


rate was observed 
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interpretation of the electron component 
observed. It is not excluded that these 
electrons are accelerated near the earth by 
electric fields similar to those assumed to be 
in the aurora. But it is possible also that the 
electron component comes from far away, for 
example, from the sun; and penetrates, despite 
the small amount of energy of the particles, 
through the earth’s magnetic field due to the 
difference between the field and that of an ideal 
dipole 
4. ZONE OF HIGH INTENSITY IN THE 
EQUATOR REGION 

Van Allen and others, with the help of Geiger 
counters placed on the American satellites 
and y, determined that at a high altitude (more 
than 1000 km) a very high intensity of charged 
particles is observed. At present we have no 
exact information about the nature and origin 
of these particles. The main fact determined 
by these experiments is a sharp increase of 
intensity with altitude (the number of pulses in 
the Geiger counter increased at high altitudes 
by 1000 or more times). 

In our measurements the altitude of the flight 
was as great as 1850km. Since the part of the 
orbit corresponding to high altitudes is in 
the Southern Hemisphere, and since we have 
received records from that region only with 
great delay, only a small part of these records 
has been studied. These data show that at the 
altitude of 1200km a very large intensity is 
really observed (ionization in the crystal exceeds 
by three orders of magnitude the ionization 
produced by cosmic rays). However, it was 
found that this phenomenon depends not as 
much on altitude as on latitude. 

Fig. 5 shows one of the records made in the 
southern region of South America. The abscissa 
axis gives the latitude, and the ordinate axis 
gives the ionization in the crystal by measure- 
ment of the dynode current. One can see from 
this figure that during the motion towards the 
equator the intensity sharply increases, in spite 
of the fact that the altitude of the flight 
decreases from 1600 to 1100km. Independently 
of the mechanism of production of particles in 
the equatorial zone, it is obvious that the main 
role in this effect is played by the factor of 
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Fig. 5. One of the records made in the southern 


hemisphere in the altitude range of 1600-1100 km. 
Geographic latitude (southern) is shown on the ab- 
scissa axis. lonization in the crystal by measure- 
ments of dynode current is shown on the ordinate 


axis 


storing. This fact is proved by the concen- 
tration of particles in the equatorial zone where, 
at a sufficient altitude, they can oscillate for a 
very long period of time. 

It is natural to expect that the plane of the 
geomagnetic equator must serve as the plane of 
symmetry. At present we have no data along 
the whole length of the equator to answer this 
question, but it its the 
phenomenon of a long afterglow of the crystal 
Nal, that permits us, with the help of measure- 
ments performed in the U.S.S.R., to get infor- 
mation concerning the energy released in the 
crystal during the flight through the equatorial 


possible to use 


zone. Indeed, direct measurements given in 
Fig. 5, and measurements of the energy of 


afterglow made in the U.S.S.R., are in good 
agreement with the afterglow characteristics 
obtained experimentally. Thus, one can use 
numerous measurements over the territory of 
the U.S.S.R. in order to obtain equatorial data. 

First, we obtain a complete quantity of 
energy which is released in the crystal for one 
orbit of the satellite (a predominant part of this 
energy is released in the equatorial zone). This 
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energy is 2 x 10'° eV for one rotation or on the 
average 3x 10''eVsec™'. If one assumed the 
time period of 10 min for an average duration 
of the flight in the maximum intensity zone, 
the average intensity in this zone will be 


3x 10" eV sec 

Second, it is possible to obtain information 
about the constancy of this value. It will be 
found that if one speaks about the constancy 
of the intensity in the equatorial zone measured 
by satellite flights over the same points of the 
globe (such flights are practically repeated 
every twenty-four hours), a rather high con- 
stancy will be noted, with deviations no greater 
than 30 per cent. However, during twenty-four 
hours, when the orbit changes its position 
relative to geographic coordinates because of 
the earth's rotation, variation of the intensity 
takes place. Fig. 6 shows the dependence of 


(mr 


Fig. 6. Dependence of “excess ionization’ on time 

Moscow time (hr) is shown on the abscissa axis 
the intensity on the respective position of the 
earth. Since during one week the position of 
the satellite's orbit can be regarded as suffi- 
ciently constant in space, one can characterize 
the position of the orbit relative to the globe 
by solar time. The abscissa axis of Fig. 6 gives 
Moscow time. The value of “excess ionization” 
(that is, the value proportional to the irradiation 
energy on the equator) is put on the ordinate 
axis. In preparing this diagram, data for the 
time interval from 15 to 21 May were used. 


It is observed from the diagram that 
systematic intensity variations take place, and 
that the minimum intensity occurs at 7 p.m. 
Moscow time. This intensity ts at least 10 
times less than the maximum intensity. If 
one looks at the orbit position at the time when 
a minimum variation in intensity is observed, 
one finds that at this time a southern part of 
the orbit is positioned at the minimum distance 
from the magnetic pole. In this case, the 
southern part of the orbit passing through high 
altitudes happens to be at the farthest distance 
from the magnetic equator 

If one assumes that particle concentration 
sharply increases when approaching the geo- 
magnetic equator, as well as with altitude, the 
dependence of the effect on the rotation of the 
earth can be explained at least qualitatively 
Under more detailed consideration it will be 
necessary to take into account not only the 
inclination of the direction of magnetic dipole 
relative to the axis of the earth’s rotation, but 
also displacement of the dipole center relative 
to the center of the earth 

It is possible now to make a hypothesis that 
the equatorial zone of high intensity is placed 
symmetrically to the earth’s magnetic field and 
is characterized by a strong concentration of 
the density of particle flux in the plane of 
magnetic equator. Such an equatorial zone 
provides, apparently, ideal conditions for 
particle oscillations in a magnetic field, and 
leakage is determined probably only by ioni- 
zation losses and losses for radiation. In this 
case such a long lifetime of particles is possible 
(of the order of a year) that even such a weak 
mechanism of injection as the decay of neutrons 
leaving the atmosphere under the action of 
cosmic rays appears to be sufficient to explain 
the observed intensity. 


5. SEARCH FOR )-RADIATION FROM 
THE SUN 
The existence of a great intensity of secondary 
photons leaving the atmosphere under the 
action of cosmic rays, as also the existence of 
intensive electron fluxes in separate regions of 
the satellite trajectory, make it difficult to 
discover a weak »-radiation of the sun and 
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other astronomical bodies. In order to find 
y-radiation of the sun, we studied the variations 
of photon intensity during the solar flares of 
6 June 1958. We also studied the moments 
when the satellite crossed the boundary of the 
earth’s shadow, when it would have been 
possible to observe the existence of a quiet solar 
radiation. In both cases the effect was not 
discovered. One can say that in these few 
cases the photon flux from the sun did not 
exceed some definite value. 

hese limits depend on the supposed photon 
energy: 

It is impossible to state that these limits are 
always valid, since statistics are still few. 


However, one can say that systematic study of 
the problem depends, 


apparently, on an 


Energy flux 
(erg cm sec!) 
is less than 

10 
10-4 
sp 10-6 


Photon energy 
(keV) 


increase of the sensitivity of instruments, 
probably by establishing a detector of sensitivity 
in a small solid angle and automatically directed 
toward the sun. 
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1. INTRODUCTION 

In recent years the radio observation of 
drifting meteor trails has been developed as a 
technique of considerable precision for studying 
the motion of the atmosphere in the height range 
80-100km above the ground. Two methods. 
developed independently, one at Adelaide’ 
and the other at the Jodrell Bank I xperimental 
Station have been used. Both systems 
enable the diurnal variations and height 
gradients of the wind to be determined 

In this paper results of observations of winds 
obtained over a period of more than two vears 
are presented and it is shown that. at medium 
latitudes, the motion of the air in the meteor 
region of the atmosphere can be described in 
terms of three components; a constant term. a 
24-hr periodic component and a 12-hr periodic 
component All three components exhibit 
seasonal changes and variations with height 


2. TECHNIQUE 
The radio system used at Adelaide for 
measuring the velocity of drift-and position of 
meteor trails has already been described in 
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Abstract—Results of a systematic investigation of winds in the upper atmosphere by the radio 
Dser > described. It is shown that in medium latitudes the 
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component vary in 


detail Continuous wave radiation on a 
frequency of 27 Mc/s is emitted vertically within 
a cone of semi-angle 40°, and a meteor trail 
suitably oriented within this cone reflects 
radiation back to an aerial array on the ground 
by means of which the direction of the reflection 
point can be determined. The component of 
the velocity of drift in the direction of obser- 
vation is derived from the doppler frequency 
change of the reflected wave, while the range 
of the reflection point is found by the radar 
technique using pulses superimposed on the 
C.W 

lhe effective scattering region of a trail is of 
the order of length of a Fresnel zone about the 
point of intersection of the trail and a perpendi- 
cular from the observer. For a trail at a slant 
range of 200km and a radio frequency of 
30 Mc/s the length of the first zone along the 
trail is of the order of 2km 

An estimate of the overall accuracy of the 
system can be given in terms of the accuracy 
f the height measurement which includes 
errors in the measurements of both direction 
and range. The probable error in the height 
of an individual reflection point is +2 km. 
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3. ANALYSIS OF THE DATA 


The equipment was operated continuously 
from October to December 1952 and thereafter 
one month in every three until February 1955. 
During this period approximately 47,000 
meteor echoes were recorded of which 9700 
gave a measurement of drift 

Since each observation can only give a 
measure of the radial component of the motion 
of the trail relative to the station, reflections 
from a minimum of three trails occurring at 
approximately the same height and time but 
at different azimuths are required to give the 
magnitude and direction of the actual wind 
The extension of this method to determine the 
behaviour of the wind over the full extent of 
the meteor region would require 100-200 usable 
records per hour, a rate which is attained only 
during periods of meteor showers. Hence the 
measurement of the instantaneous amplitude 
and direction of the wind is in general not 
possible 

Preliminary observations’ showed that. 
although the wind changes greatly in strength 
and direction in the course of a day. the 
diurnal pattern of the winds repeats very closely 
on successive days. This repetition in day to 
day behaviour makes it possible to determine 
the average wind for some particular hour of 
the day by grouping together all observations 
which occurred during the same selected hour 
on 10-20 successive days. In this way the data 
from a particular sequence of days selected for 
analysis are grouped into 24 hourly intervals 
lo examine the height variations of the wind 
the data in each hourly interval are further 
arranged in three groups according to the height 
ranges 75-84, 85-94 and 95-104km 

The magnitude and direction of the mean 
wind which gives the best fit to the observed 
components of the velocity of drift is deter- 
mined by the method of least squares. It is 
found that the mean winds are effectively 
horizontal 

In order to study the diurnal behaviour of 
the winds the mean wind vector for each hour 
is resolved along the E-W and N-S directions 
and the components plotted as a function of 
tmme. A typical amplitude-time plot is shown 
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Fig. 1. Plot of components of mean wind for each 
hourly interval, March 16th-24th, 1953, 85-94 km 
Dashed curves represent sum of first three terms 
of Fourier series 


in Fig. 1. Fourier analysis of all the component 
plots has confirmed the preliminary obser- 
vation’? that the winds in this region can be 
described in terms of three components: a 
constant term, a 24-hr periodic component and 
a 12-hr periodic component The dotted 
curves in Fig. | represent the first three terms 
of the Fourier series 

Che E-W and N-S components of the winds 
for each month are given in Table | The 
greatest proportion of meteor trails which gives 
usable echoes occurs in the height range 
85-94 km, and in general it has been possible 
to obtain wind components in this height range 
for two sequences of days each month 


4. RESULTS 

4.1. Prevailing winds 

Che average prevailing winds for all months 
are predominantly in the E—W directions and 
during summer and winter exhibit large vertical 
gradients. In Fig. 2 the prevailing components 
are plotted as a function of height for the 
months December, March, June and September. 
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W.G 
The outstanding feature of these curves is the 
large and opposite wind gradients which existed 
in the E-W direc during December and 
June and the almost complete absence of the 
gradients during September and March. It can 
be seen that the prevailing wind would reverse 
from East to West at a height of 
in June and at about 70km_ in 


direction 
100 km 
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December, while in March it directed 
toward the East and in September toward the 
West over the total height range. The average 
wind gradient in December was +2°3 msec 
and in June km 

The annual variation of the prevailing winds 
is illustrated in Fig. 3 and Fig. 4 where the 
amplitudes of the E-W and N-S components 
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are plotted for each of the height intervals. 
There is no significant change in the pattern 
from one year to the next and the dotted curves 
represent the approximate mean behaviour of 
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the prevailing components throughout the year 
[hese curves indicate that the winds in this 
region of the atmosphere are toward the East 
for the greater part of the year, Westward 
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Fig. 2. Gradients of zonal and meridional pre- 


vailing winds 


winds occurring only during the spring months 
With the onset of summer there is a rapid 
change back to the Eastward pattern at all 
levels. This rapid reversal is most marked in 
the upper height interval where a total change 
of wind speed of nearly 100m sec™' occurred 
during the period October to December 

variation of the N-S component 
of the prevailing wind is much smaller but more 
regular than the E-W component. In summer 
the wind is directed towards the North and in 
winter towards the South The maximum 
speeds increase with height from approximately 
at 80km to +20msec™' at 100 km 


The annual 


+ Smsec 


4.2 Periodic components 

In Fig. 5 and Fig. 6 the 24- and 12-hr periodic 
components for five months are plotted in 
polar form. In general the end of the wind 
vector traces out an ellipse and the phase of 
the oscillation is indicated by the direction of 
the wind vector at 0000 hr local time. The 
sense of rotation of the vectors is predominantly 
anti-clockwise as would be expected for 
periodic winds in the Southern Hemisphere 

The amplitude of the diurnal component is 
approximately independent of height but 
exhibits large annual variations. This is shown 
in more detail in Fig. 7a where the amplitude 
of the oscillation, represented by the length of 
the major axis of each ellipse, is plotted for 
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Y 


m /sec 


each period of observation. Maximum wind 
speeds (40-SOmsec™') occur in summer and 
autumn, and minimum speeds (20-30 m sec™') 
in winter and spring. The phase of the diurnal 
oscillation also varies from month to month 
but between the heights of 75 and 94km there 
is a tendency for the wind to be directed North 
at about 1800 hr local time during summer, 
autumn and spring, while the phase of the 
weak oscillation during winter is approximately 
reversed compared with the other seasons 
Between 95 and 104km the behaviour of the 
24-hr component is irregular with regard to 
both sense of rotation and phase 

In comparison with the 24-hr components the 
12-hr oscillations shown in Fig. 6 behave in a 
very complex manner. The annual variations 
of the amplitude of the semi-diurnal winds for 
the three height intervals are shown in Fig. 7b 
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Fig. 3. Annual variation of zonal winds. 
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here is an increase of 20 m sec™' in the average 
amplitude of this component over the height 
range 80 to 100km, and evidence that the 
maximum value of this oscillation occurs during 


winter at the higher level and during summer 


at the lower level. Thus during June the 
amplitude gradient of this component _ is 
2:5 msec”! km while in December the 


gradient is almost zero. The phase of the 12-hr 
oscillations varies irregularly from month to 
month. 
5. DISCUSSION 

5.1. Prevailing winds 

It is evident from Fig. 2 that the prevailing 
winds are predominantly zonal and are 
characterized by large seasonal changes. The 
summer and winter components are comple- 
mentary to measurements of winds between 
0-70 km carried out in similar latitudes in the 


Northern Hemisphere.’ These measurements 


have been obtained from balloon flights and 
from the explosions of grenades 
rockets and the mean winds are 
in Fig. 8 together with the meteor 


carried on 
reproduced 
results. In 
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summer the agreement is remarkably good and 
the reversal at approximately 70km appears 
conclusive. The winter results are consistent 
and indicate that the maximum wind speed 
occurs at about 60 km 

[he only comparable meteor wind obser- 
vations are those made at Manchester (53°N) 
by Greenhow and Neufeld’. The prevailing 
winds measured at Manchester exhibit seasonal 
variations which are similar in form during 
summer, autumn and spring to the wind 
variations depicted in Figs. 3 and 4. although 
the scale of the variations of the zonal com- 
ponent at Adelaide is three times as large as 
that at Manchester. 

The amplitude of the N-S components are 
comparable at both places and the direction of 
motion is such that when the sun is north of 
the equator the meridional component is 
directed toward the south in both hemispheres 
and vice versa. In addition, at the equinoxes 
the meridional components observed at 
Adelaide and Manchester are approximately 
zero over the total height range 

It is of interest to compare winds measured 
by means of meteors with a zonal wind field 
Suggested by Murgatroyd” from a survey of 
Che 
gradients of the summer and winter winds agree 
closely with the proposed wind field but the 
absolute values differ by 20-30 msec This 
discrepancy can be removed by shifting the 
zonal wind field at 90km, 10° of latitude. 

5.2. 


winds and temperatures up to 100 km 


Periodic components 

A feature of the winds observed at Adelaide 
is the comparable magnitude of the 24- and 
12-hr components, the amplitude of both vary- 
ing between 20 and 50m sec Semi-diurnal 
winds of similar magnitude have been reported 
by Greenhow and Neufeld from meter obser- 
vations, and by a number of workers from 
the observation of F-layer drifts. However, 
diurnal winds are rarely detected in the iono- 
spheric drift measurements, and are only 
detectable in 
meteor 


just 
twelve months observations of 
winds at Manchester. It appears, 
therefore, that there is a strong latitude depen- 
dence of diurnal winds at heights of 80-100 km 

If the presence of the diurnal winds is attri- 


99 
9 


G. ELFORD 


25 m/sec 


Lele 


25 m/sec 
75-84 im 10 ( 


December 1952 March 1953 


Fig. 5. 
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buted to the daily heating and cooling of the 
atmosphere it is to be expected that the 24-hr 
component will show evidence of direct solar 
control. This argument is supported by the 
observed annual variation shown in Fig. 7a 
where the maximum amplitude occurs in late 
summer and the minimum about six months 
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Polar representation of the 24-hr periodic wind components. 


September 1953 December 


Polar representation of the 12-hr periodic wind components. 


later. The phase of the diurnal winds also 
suggests that these winds are produced by 
direct solar heating. In the height range 
75-94km the associated pressure oscillation 
has a minimum value at approximately midday 
during summer, autumn and spring and a 
maximum value at midday in winter. 
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Fig. 8 


latitudes 


rhe presence of diurnal winds in the dynamo 
region of the ionosphere has been deduced by 
Kato” from the earth’s §, variations. The 
magnitude and seasonal variations of the winds 
are similar to the Adelaide results but the phases 
are reversed 

Che semi-diurnal wind components vary from 
month to month in a complex manner but the 
mean amplitude and the average gradient of 

1 msec™' km are consistent with winds 
predicted by the theory of tidal oscillations of 
the atmosphere. Greenhow and Neufeld find 
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24-hr components, and (b) the 12-hr components. 
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Zonal and meridional components of the prevailing winds 
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Meteors 
35°° 
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measured by means of balloons, rockets and meteors at medium 


a mean gradient of the same value in the semi- 
diurnal component of the winds measured at 
Manchester. These workers also find that this 
gradient has a maximum value in winter and 
is approximately zero in summer. This seasonal 
feature is also common to the Adelaide results 
and is apparent in Fig. 7b. 
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AN EXAMPLE OF 


Abstract 
source on 45 Mc's it is shown that on 7 July 


1. INTRODUCTION 


The strong absorption of radio waves in the 
HF-band during disturbances along the auroral 
zone has been the subject of numerous investi- 
gations. During strong disturbances there may 
be a complete cessation of echoes reflected at 
vertical incidence and usually it is not possible 
to measure quantitatively the absorption during 
the blackout phase. In order to estimate the 
amount of absorption during strong disturb- 
ances in the Arctic ionosphere the field-strength 
of the galactic radio waves in the VHF-band 
has been studied. Little and Leinbach'” have 
shown that during strong disturbances there 
may be an increase in the absorption of the 
order 3-6dB measured on 30 Mc/s 

In the following an example of extraordinary 
strong absorption in the 40-45 Mc/s band will 
be given based on records of meteoric reflections 
and records of radio noise from the Cassiopeia 
source. The observations were made at Tromsé 
(¢=70°) lying close to the southern edge of the 
auroral zone 


2. OBSERVATIONS OF METEORS 


In order to study the auroral echoes a two- 
channel radar operating on 40 and 80 Mc/s was 
in continuous operation. On the photographic 
records normally a great number of meteor 
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HEAVY ABSORPTION IN THE VHF-BAND 
IN THE ARCTIC IONOSPHERE 


1958) 


From records of meteor echoes on 40 Mc s and of scintillations from the Cassiopeia 
1958 in the early morning hours a very heavy 
ibsorption appeared. The meteor echoes disappeared completely and the radiation from 
Cassiopeia diminished to less than 1/5 of its normal value. The observations were made at 
Tromsé ({ 70° N) and in the direction towards the auroral zone. A great geomagnetic storm 
ippeared with a sudden commencement at 08-40 MET, the geomagnetic storm started about 


echoes were simultaneously appearing. During 
the early morning hours on 7 July 1958 the 
number of meteors observed on 40 Mc/s 
decreased continuously and the reflections dis- 
appeared completely at 0800 MET. At 0840 
MET a sudden commencement of a very great 
geomagnetic storm appeared during which no 
meteor reflections could be observed. The 
observations were made with the aerials, Yagis, 
pointing towards the North and at low elevation 
angle. Peak power was 25 kW. 

A closer inspection of the records revealed 
the following details in this process of con- 
tinuously increasing absorption. Dividing the 
ranges of the meteoric reflections into three 
intervals, R > 500 km, 500 > R > 250km and 
250km > R > 0, it appeared that there was a 
time lag in the time of disappearance. The 
meteor reflections having the greatest ranges 
disappeared first. Fig. | shows the records and 
Fig. 2 the gradual disappearance of the number 
of meteoric reflections. 


3. OBSERVATIONS OF SCINTILLATIONS 

The radiation from Cassiopeia source on 
45 Mc/s was simultaneously recorded by means 
of a phase-switching interferometer having a 
base-length of 9A. Fig. 3 shows the record 
from the preceding day of the disturbance, 
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Fig. 1. Meteor echoes on 40 Mc/s. Upper part: before the disturbance, the meteor echoes appear 
with normal rate of occurrence, Lower part: during the first phase of the disturbance, meteor 
echoes having greater ranges than 250km completely disappeared 


[Facing p. 102 


J 


V 


HEAVY ABSORPTION IN 


6 July, which showed the normal features of 
heavy scintillations on the sinsusoidal trace 
usually occurring even on a quiet day at the 
Arctic station Tromsé. The records from the 
following day, 7 July, show that the amplitude 
of the sinusoidal interference pattern has 


Fig. 2. 


meteor reflections in different range intervals 


twenty minutes. 
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decreased to less than 1/5 of the value appear- 
ing on the preceding day. At this time of 
recordings, 0500-0700 MET, the Cassiopeia 


source was in the North approximately at lower 
culmination. The meteor reflections and the 


radiation from the Cassiopeia source were thus 


Upper part: geomagnetic records from Tromsé. Lower part: number of 
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4. GEOMAGNETIC AND SOLAR 
OBSERVATIONS 
The great geomagnetic storm appeared with 
commencement at O840 MET on 
July, i.e. 4-5 hr after the strong absorption 
f the 40-45 Mc/s waves had started. During 
the first hours of the period of absorption the 
ge en quiet. At 
Tromsé there was midnight sun and the iono- 


sudden 


wis ,eTe ev 


somagnetic 


Records of the radiation from the Cassiopeia source on 45 Mc/s 
ly. Lower part: During the day of heavy 


ring the u 

7 July 1958 
The 
which must be due to 
increase in electron density at the lower edge 
of, of the F-laver, may in this case 
therefore most presumably be due to increased 
solar short emission. The sudden com- 
mencement of the geomagnetic storm, appear- 
ing after the start of the absorption process, 
could be interpreted as the time of arrival of 
the charged particle cloud 

Solar observations show that during the inter- 
39-324GMT solar flares of the highest 
(3+) were observed at the obser- 
at Honolulu, Tokyo and Sydney 


was therefore completely sunlit 


sphere 
strong absorption, 


below 


wave 


val 
intensity 
vatories 


ndisturbed day 6 Ju 


and J. TROM 


During the same time major radio bursts on 
frequencies up to 10,000 Mc/s were recorded 
Due to the midnight sun this disturbance was 
noticeable even shortly after midnight at the 
high-latitude station at Tromsé. The absorp- 
tion effect of the ionosphere started at about 
0330MET and was complete at about 0800 
MET 

The well defined sudden commencement of 
the geomagnetic disturbance at 0840 MET, 
which we interpret as the time of arrival of the 
ion cloud, indicate a time difference of about 
five hours between the arrival of the ultraviolet 


Upper 


emission and the particle emission, which 
should give a velocity of the ion cloud about 
8000 km /sec 

The authors wish to express their sincere 
thanks to the director of the Auroral Obser- 
vatory at Tromsé, Mr. E. Ténsberg for putting 
the facilities of the observatory to our disposal 
and to Mr. K. Malmijord and R. Larsen for 
valuable assistance during the observations. 
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Abstract 


air showers, give rise to Cerenkov radiation in the air 


1959) 


The bursts of large numbers of electrons produced in the atmosphere by cosmic ray 


The showers are therefore accompanied 


by light pulses of short duration; these may be detected quite easily with s mple apparatus on a 


clear dark night 


[his phenomenon, which was discovered by the 


author and his colleagues in 


England in 1953, has been studied in more detail by two groups, one in the U.S.S.R. and one in 


Australia 


In this article, the writer reviews the theoretical and experimental work that has been done 


up to the present time, and discusses the potentialities 
paper 


new tool for cosmic-ray research. The 


concludes 


and limitations of the technique as a 


with few remarks on the future 


possibilities in this field, and the likely technical developments 


1. INTRODUCTION 
In 1948 Blackett’ suggested that there should 
be a small contribution to the light of the night 
sky from Cerenkov radiation produced by 
cosmic-ray particles traversing the atmosphere 
From a knowledge of the flux of particles, the 


rate of production of light by the Cerenkov 
effect, and some early measurements of the 
average intensity of the light of the night sky, 
Blackett showed that the contribution due to 


Cerenkov radiation 
of the total light. 

It was obvious that such a low light intensity 
could not be detected by normal methods, nor 
could it be correlated with the intensity of the 
general cosmic-radiation, which is remarkably 
constant with time. If, however, individual 
cosmic-ray events of the highest energy were 
isolated, namely the so called Extensive Air 
Showers, in which there are bursts of great 
numbers of particles, there would be momentary 
pulses of light of an intensity considerably 
greater than the mean intensity produced by 
the general cosmic-radiation, indeed probably 
strong enough to be detected against the much 


would amount to ~10°* 


* At present on leave of absence from Harwell, at 
the Harvard College Observatory, Cambridge, Massa- 
chusetts, U.S.A. 


more intense steady background light of the 
sky. It was with these ideas in mind that 
Galbraith and Jelley® first discovered light 
pulses from the night sky associated with large 
cosmic-ray showers 

It is necessary at this stage to digress from 
the main theme, to discuss some of the essential 
features of the showers, for 
those readers not familiar with this field. The 
primary particles of the cosmic radiation, now 
believed to be mostly protons, cause nuclear 
disintegrations at the top of the atmosphere 
[hese disintegrations lead to the emission of 
further particles, which in turn themselves 
produce disintegrations. Among the products 
of these nuclear disintegrations are neutral 
™-mesons, which decay into high energy y-rays 
These in turn produce a cascade of electrons 
and further y-rays, by the processes of electron 
pair-production and Bremsstrahlung; 
cascade is known as an electron—photon shower 
When the energy FE, of the primary particle is 
sufficiently high, the shower reaches down to 
sea-level and is then known as an Extensive 
Air Shower, since the particles are then found 
at considerable distances from the main axis of 
the shower 

The multiplication of the number of particles 
in the shower increases with atmospheric depth 


cosmic-ray air 


such a 
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until their individual energies are reduced to 
~100 MeV; below this energy the processes 
of pair production and Bremsstrahlung lose in 
competition with Compton scattering and ioni- 
zation energy-loss, and the shower then 
dwindles. There is thus some level at which 
there is a maximum number of electrons, N 
for a given F,; this is shown in the sketch, 
Fig. |, where N is plotted against A, the height 
tbove the ground 


Fig. 1. To show the general trend in the distri- 
bution of the number of particles N in an air 
shower, as a function of the height h above the 
ground 


Air showers are observed by conventional 
counter techniques over a range of values of 
E, ~10" to 10**eV, there being a 
frequency distribution of the type 


n(>E.)ack 


which holds over most of the range. To give 
some numerical data for specific cases, showers 


of energy FE, arrive at the earth's 
surface at a rate ~ 300 km~* sec” sterad~', and 
those with > eV at a rate ~0:2km 

sterad~'; these showers have approxi- 


mately 10° and 10° electrons respectively, when 
they arrive at sea-level 

There is a very extensive literature on cosmic- 
ray air showers, and the reader is referred to 
the review articles by Rossi and Greisen™’, the 
proceedings of the IUPAP conference at 
Varenna, Italy, in (1957), and the recent mono- 
graph by Galbraith”. Other salient features of 
these showers which should be mentioned in 
this very brief account of a most intricate field, 
are added for completeness: (1) There is a very 
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well-established law of variation for the particle 
density as a function of the lateral distance 
from the shower core, for given values of E,; 
typical results of measurements of this function 
may be found in the work of Cranshaw et al. 
(2) The angular distribution of the axes of 
showers is a steep function of the zenith angle 
Z, and is of the form n(Z)dZ ~ cos‘ Z. 
(3) The rate of arrival of showers, at a given 
F,, occurs at random and at a mean rate that 
is remarkably constant in both solar and sidereal 
time. (4) A feature particularly important to 
an understanding of the Cerenkov effect in the 
atmosphere, is the extremely short duration of 
the event as experienced by detectors at a given 
level in the atmosphere or on the ground 
Measurement by Bassi et al.“ showed that the 
vertical spread of the “sheet” of particles when 
they reach sea-level is ~Im, so that the 
particles all arrive within a time interval 
~ 10~* see; this will also be the order of magni- 
tude of the duration of the associated light 
pulses. 
2. THE DISCOVERY OF LIGHT PULSES 
FROM THE NIGHT SKY 

Until 1953, studies and applications of the 
Cerenkov effect had been restricted to solid and 
liquid media. For those unacquainted with the 
phenomenon, the reader is referred to the 
original papers by Cerenkov’, the theoretical 
interpretation by Frank and Tamm’, and a 
recent monograph on the entire field by Jelley”’ . 


Returning now to the subject of Cerenkov 
radiation in the atmosphere, it was with the 
very simple apparatus shown in Fig. 2 that 
Galbraith and Jelley*’ first discovered that 
light pulses associated with cosmic-ray air 
showers could be very easily detected against 
the background light of the night-sky. In these 
experiments a photomultiplier was used as 
light detector, set up with its cathode in the 
focal plane of a parabolic mirror; the photo- 
tube was connected to a pulse-amplifier, pulse- 
height discriminator and recording oscilloscope 
In their first experiments a 5cm dia. phototube 
was used, with a 25 cm dia. f/0°46 mirror, work- 
ing into an amplifier with cut-off frequency 
~5Mc/s. The field of view of this simple 
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telescope was 0:11 steradians, determined by 
the area of the photocathode and the focal 
length of the mirror. This instrument, when 
directed to the zenith on a dark clear moonless 
night, detected light pulses at a rate ~ | min 

when the discriminator was set at a bias level 
of twice the “noise” level from the background 
light of the night sky. It was soon proved that 
the pulses indeed originated from the night-sky, 
that they were directly correlated with extensive 
air showers, and that they were not associated 


with other types of events, such as distant 


lightning or faint meteors. 


Fig. 2. 
used throughout the work carried out by Galbraith 
and the author 


The essential features of the light receivers 


It soon became clear that a new technique 
was available for studies of cosmic-ray air 
showers, the new instrument having two unique 
characteristics. First, since the “pool” of light 
associated with the shower has a diameter 
comparable with the lateral extent of the 
shower, a single light receiver has an effective 
area large compared with its physical dimen- 
sions. Secondly, the instrument is highly 
directional, its field of view being governed by 
the optics of the system, the characteristic cone- 
angle for the light emission, and the spread in 
the directions of the shower particles (caused 
by Coulomb scattering). Further work in the 
field has since shown that although the basic 
potentialities of the technique remain, it is not 
likely that light receivers by themselves will 
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replace existing techniques, but may well sup- 
plement them, for particular investigations. 


2.1. Sensitivity of the instrument and back- 
ground *‘noise’’ 

[he absolute sensitivity of a light receiver 
is limited by the background light from the 
night sky which produces a “noise”’ output on 
the recording equipment. This “‘noise’’, which 
arises from fluctuations in the number of photo- 
electrons at the photocathode, exceeds the 
natural dark-current of the phototube by a large 
factor, ~ 10", even on the darkest night, with 
a receiver of the type we have described. This 
“noise” from the night sky is estimated as 
follows: 

If A is the collecting area of the light receiver 
and {) is its field of view (i.e. the solid angle 
of the acceptance cone), the mean current flow- 
ing from the photocathode of the multiplier is 
given by: 


i= ,A: photoelectrons sec (1) 


where : is the quantum conversion efficiency of 
the cathode (in photoelectrons per photon), and 
%» is the mean flux for the background light of 
the night sky. The average number ¥ of photo- 
electrons emitted per unit resolving time Ar of 
the amplifier (where Ar=1/f., if f. is the cut- 
off frequency) is thus ¥ =#,AQ<Ar, so that the 
noise-level, due to fluctuations on this number, 
is given by: 
N = (2) 
Taking an average value for the bright- 
ness of the night sky as measured by Babcock 


and Johnson and by Chuveyev’ we 
have 4x 10° photons cm~? sec™' sterad 

(4300-5500 A). Inserting values for the original 
light receiver, A=510 cm*, 2=0-11 sterad, 
f.=SMc/s and per cent, we obtain 
N= +9 photoelectrons per unit resolving time. 


In the early experiments the discriminator bias 
was set at a level equal to 4N, so that the light 
pulses detected with this arrangement gave a 
pulse at the photocathode of ~36 photo- 
electrons, and the light flux o,, during the pulse, 
would be given by ¢,=4N/:A =360/510=0-7 
photonscm~* per flash. (This agreed within a 
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factor of 4 with direct measurements of the light 
intensity.) 


3. THEORETICAL CONSIDERATIONS 
From the established relationship for the 
Cerenkov effect 


cos 4 Bn (3) 


where @ is the angle for the emission of coherent 
radiation, 7 is the refractive index and fc 1s 
the velocity of the particle, we find for air at 
sea-level (for which m=1-00029) that, for 
electrons, the threshold kinetic energy is 
21 MeV, and the maximum emission-angle for 
ultra-relativistic electrons (8=1) is 1:3 

For the radiation vield, expressed in photons 
per centimeter path for a single particle, 


dN dX (4) 


we also find, for air at sea-level, (dN /dl)=0-23 
photonscm™' (between wavelength limits of 
3500 and S000 A). These figures, it will be 
seen, are very different from those encountered 
in solid and liquid media. For example, in 
water, the corresponding figures are: 
E 0-26 MeV, 4, 41° and (dN/dl) ~200 
photons cm 

Let us now consider a single fast electron 
traversing the atmosphere vertically, and for 
simplicity let us slowing-down and 
Coulomb write, for the 
refractive index of air at sea-level, nm,=1+>» 
where 29x 10 the refractive index at 
height A will then be obtained from 


neglect 
scattering. If we 


exp(—/A/A) 


where km for the standard atmosphere 
We wish to know first, what is the lateral distri- 
bution of the light on the ground resulting from 
the passage of this single particle vertically 
through the atmosphere? Light generated at 
height A will fall at a radial distance r on the 
ground, given by r=A6. Since @ is small, 

1 and » is close to unity, (3) may be 
rewritten 4 =~ 4/(2y). It follows therefore that: 


10-*)' *hexp(—A/2A) (5) 
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Since the refractive index decreases with alti- 
tude, we find from (5) that r has a maximum 
value, r(max), =126m: this occurs when 
=14km, at which the air pressure is 
140 ¢cm 4x10°°, @=9x10-*rad and 
F (threshold) = 56 MeV It can likewise be 
shown that the intensity distribution of the 
light on the ground is given by: 


3.1. Extension to showers 

To extend the arguments to electrons in 
expressions (5) and (6) must be 
First we have to allow for 
the vertical distribution of the numbers of 
electrons at different heights. This effect, by 
itself, is straightforward. Rather more difficult, 
however, is to allow for the lateral distribution 
of the particles. Most difficult of all is the 
problem of Coulomb scattering. The scattering 


showers. 
severely modified 


angles are in general much greater than the 


Cerenkov angle; this factor, and the wide distri- 
bution of the angles of scatter, are of such 
magnitudes that most of the characteristics of 
the Cerenkov effect are obliterated in obser- 
vations of the light flashes associated with the 
showers. A rigorous solution of the problem 
has not yet been attempted. A _ preliminary 
attack has, however, been made by Goldanskii 
and Zhdanov and a further, and different, 
approach has been made by Brennan’*? 


3.2 Alternative processes for light produc tion 
Although all the observational evidence 
points in favour of Cerenkov radiation as the 
origin of the light flashes from the night sky, 
it is reasonable to enquire what other processes 
might also contribute to radiation in the optical 
region of the spectrum. There are at least 
three processes. First there is the possibility 
of the emission of ionization or recombination 
radiation. This may be discounted, for the 
production rate is very low, (dN/dl) <3-10 
photons /cm, according to laboratory measure- 
ments of Barclay and Jelley*’, and, moreover, 
since such radiation would be emitted isotropi- 
cally, the light received by an instrument placed 
on the ground would be a very much smaller 
fraction of the light produced. Secondly, there 


a 
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a 
a 

“4 


will be Bremsstrahlung in the optical band. 
This, however, will be quite negligible compared 
with the Cerenkov radiation. For example, in 
the case of 100 MeV electrons in nitrogen at 
atmosphere pressure, it is calculated that the 
production-rate for radiation in this narrow slice 
of the spectrum is only of the order of 4 x 10~° 
photons/cm. Lastly, there is the possible 
emission of Schwinger radiation, arising from 
the deflection of the shower electrons in the 
earth’s magnetic field; this too is quite neglig- 
ible, being weaker than the Bremsstrahlung by 
a few orders of magnitude. 


3.3. Counting rates and threshold energies of 
different receivers 

Since the background light of the night sky 
determines the threshold sensitivity of a light 
receiver, see equation (2), and this in turn varies 
with the two parameters of the optical system 
(the aperture D, and the field of view 2), it is 
found that the counting-rate does not vary very 
rapidly with these parameters (for a given bias 
level relative to the noise level). Taking the 
accepted spectrum of the numbers of light 
pulses for a given primary energy of the showers 
namely and assuming 
there is always complete “pile-up” of the noise 
pulses, it can be shown that the counting-rates 
R and the limiting primary energies FE are 
related to D, z and the amplifier cut-off fre- 
quency f. by the following relations, which have 
been derived by Jelley” 
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Thus, for a high counting rate, regardless of 
primary shower energy, an optical system of 
large aperture and wide field is required, 
working into a broad-band amplifier. Such a 
receiver will count mostly showers of relatively 
low primary energy. In order to detect only 
showers of extremely high energy, quite small 
light receivers are adequate and one may even 
dispense with the mirror. Results obtained 
with a variety of light receivers are summarized 
in the following table, together with figures 
calculated from the relations in (7), and 
normalized to those for the first instrument. 


4. EXPERIMENTAL WORK AND PRACTICAL 
APPLICATIONS 

After the initial discovery of the light flashes, 
a number of preliminary experiments were 
carried out at the Pic du Midi observatory in 
France, where the observing conditions were 
very good. The results of these experiments''” 
which were aimed primarily at studies of the 
radiation itself, revealed the essential features 
of the phenomenon; the work included measure- 
ments of polarization, the directional character 
of the light, the pulse-height spectrum, an 
absolute measurement of the light flux, the 
zenith-angle distribution, and a search for 
possible “‘point” sources of showers. Shortly 
afterwards, some of these experiments were 
repeated by Nesterova and Chudakov’®’, who 
obtained very similar results, with the same 


type of equipment. During the succeeding two 


R(D) ox D' (with 2 and f. constant) years very little work was carried out, though 

) mention should be made of experiments by 

R (f.) oc f°" fo Bae ) Barclay and Jellev''” who first showed that the 

and Emin(D)OC(l/D)(., 2 » f 7) lateral distribution of the light on the ground 

(2) OC 2 2 ) far exceeded that of the simple theory outlined 

Emm Vfe(. f in Section 3, revealing immediately the import- 
Photo- 2 Cale Obs | 

Light collector cathode D (sterads) R R (Pho E. 
diameter (cm) (deg.) {min~') (min~') tons (eV) 


(in.) 


10 in. diam. mirror 2 25 12 
2 ft. diam. mirror 2 61 5 
2 ft. diam. mirror 5 61 14 
§ ft. diam. searchlight 5 150 

No mirror 5 


0-15 1:5 10 
0-032 39 5 0-57 2x10" 
020 7 1:4 5x10 
0-022 14 11 0-2 7x10"? 


0-85 


em~*) 
x 
084 1-0 14 5x10'* 
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ance of Coulomb scattering of the shower 
particles 

The first serious attempt to apply the technique 
to a specific problem in the studies of showers 
occurred when Chudakov and Nesterova set 
out to obtain information on the vertical 
structure of showers from the lateral distribution 
of the light. In this experiment, which was 
conducted at 3800m altitude in the Pamir 
mountains, the locations of the shower cores, 
and the particle densities, were determined with 
some precision, using a large array of Geiger 
counters. Eight light receivers were combined 
in such a way that only vertical showers were 
selected, and, of these, only those for which the 
light intensity could be measured, were used in 
From the results of this experi- 
3. in which the light flux © (as a 


the analysis 


ment, see Fig 


P(N,R)/N 


i 
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Fig. 3. The lateral distribution of light observed 
by Chudakov light 


receivers and a large counter array 


and Nesterova, using eight 


function of the number of particles N in the 
shower and the distance of the core from the 
light receiver R) is plotted as a function of R, 
Chudakov concluded that information could be 
deduced about the height of the point of origin 
of the showers 

More recently, work by Brennan ef al. in 
1958, at sea-level in Svdnevy, has revealed that 
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the effects of Coulomb scattering of the shower 
particles play an even more influential rdle than 
had been suspected: that this is such an 
important factor became evident from experi- 
ments in which two or more light receivers were 
used whose optic axes were skew ed both with 
respect to each other, and with respect to the 
axes of the shower cores, determined simul- 
taneously with other instruments. From the 
results of their experiments, see Fig. 4, it is 


Fig. 4. The ratio of the intensity C of light flashes, 
to the number of particles N in the showers causing 
the flashes, as a function of the range r from the 
light receiver at which the shower cores struck 
the ground. Results obtained by Brennan et al 


(1958) 


evident that although the light intensity falls off 
with distance from the shower core, it is seen 
there is a very large spread in pulse height, for 
a given r; this, which amounts to nearly two 
orders of magnitude, is attributed to the wide 
range of scattering angles 


5. FUTURE POSSIBILITIES 


In view of the stringent observing conditions 
required, and the very indirect nature of the 
information obtained by light receivers in their 
present form, it is unlikely that their use will 
seriously compete with the more conventional 
methods for studying showers. Nevertheless, 
a large array of light receivers operated in 
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conjunction with other types of detectors would 
undoubtedly provide much supplementary 
information on individual showers, e.g. the 
vertical density distribution of the particles, the 
Coulomb scattering itself, the time-spread 
among the various components of the showers, 
and possibly the solution of the problem of 
multiple cores, if these exist. If the largest 
showers only are selected, i.e. those with 
energies 10'°eV say, the light receivers can 
be quite simple, consisting merely of a single 
photomultiplier and a light screen, with no 
optical system. 

On the technical side, a very attractive possi- 
bility is that of measuring the light distribution 
across the image in the focal plane of a light 
receiver having a wide field and low distortion, 
e.g. some form of crude Schmidt telescope used 
with a pulsed image converter. In this con- 
nection it might be mentioned that if the 
sensitivity of television storage tubes 
materially improved, the light distribution over 


were 


the Cerenkov image might be obtained with such 
a device, the night sky noise “pile-up’’ on the 
Storage plate being periodically wiped off at a 
suitable scanning frequency. 

It may be tempting to consider the possibility 
of detecting the Cerenkov radiation from 
Showers in the microwave region of the 
spectrum, thereby developing a_ radiation 
detector which would not be restricted to oper- 
ation at night. For this it would be essential 
to operate at the highest possible frequency, 
with the widest bandwidth, in a region of the 
spectrum which coincides with a trough in the 
atmospheric absorption bands Although 
sufficient energy exists in the mm-wave regions, 
and receivers of adequate sensitivity may soon 
be available with travelling-wave Masers, one 
of the main problems is that large collecting 
areas are associated with narrow beam-widths 

Finally, it must be emphasized that by far 
the most important single factor which limits 
expansion of the technique, is the vexed question 
of atmospheric visibility and climate. Although 
mountain stations have been found to provide 


good sites for work of this kind, it would seem 
that plateaux of moderate altitude situated at 
low latitudes would provide the optimum con- 
ditions. The advantages of such a site may 
be listed as follows: A_ plateau provides 


adequate flat space for a large counter array, 
the instruments are free from low-level haze, 
and the twilight periods are of short duration. 
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Abstract During an urora on 8 July 1958 the zenith 6300 A oxyeen emission was found to 
be about 30 per cent plane polarized with the magnetic vector North-S uth. It is shown that 


wh nolarization ' ld bh nected if tt wae excited bw electrons whose predominant 


motion was evration hout the ecomaenetic field lines 


1. OBSERVATIONS AND GENERAI dominantly red. and it is well known that this 
DISCUSSION ic the case at all middle and low latitude 
During an aurora, observed near Sydney. stations This fact suggests a low energy 
Australia. (geomagnetic latitude-42°) on & July excitation process. Middle latitude red aurorae 
1958 the zenith red oxvgen emission at 6300A have been discussed by Seaton’? and ¢ hamber- 
was found to be about 30 per cent plane fain From their work it would seem that 
pol irized with the magnetic vector North-South thev are excited by electric discharges contain- 
The record showing this is reproduced in ing electrons with energies less than 10eV 
Fig. 1. It was obtained by pointing the photo- Collisions of such low energy electrons with 
meter, which has an inbuilt polaroid, at the oxygen atoms will produce excited atoms with 


zenith and rotating it back and forth about its pin, and hence magnetic moments, about axes 


vertical axis. At the end of each 360° move- lying mainly in planes normal to the collision 

ment a shutter was closed to give a zero level. direction. If therefore the electron velocities 
There appears to be no mention in the are aligned the excited atoms will be largely 

literature of such polarization having been aligned and the resultant radiations polarized 

previously observed The effect has been studied experimentally by 
lhe green airglow (5577 A) on the same Skinner and theoretically by Oppenheimer” 

night was unpolarized, and no other examples and Bethe 

of polarization have been found in the course 


In the upper atmosphere we must consider 
of 280 nights’ observation of the green (5577 A) the geomagnetic field also. Simple aligned 
and 30 nights’ observation of the red (6300A) electron beams cannot exist except parallel to 
airglow since March 1957. It therefore seems he field lines; in general the electrons will 
unlikely that the polarization on & July could travel along helical paths. It is always true 
have been due to some secondary effect such however that the electron motion, and con- 
as atm ysphe re scattering 


sequently the distribution of the magnetic 
It will be shown that the polarization, with dipoles of the collision excited atoms, is axially 

the sense observed, would be expected if the symmetrical about the field lines 

aurora were excited by electrons whose pre- 


As the energy level responsible for the red 
dominant motion was gyration about the field oxygen emission has a half life of 110sec 
lines (Garstand™) the excited atoms will precess 
2. THEORY OF AURORAL POLARIZATION about the geomagnetic field many thousands of 
The red (6300 A) emission on 8 July was times before radiation occurs. This will further 
about 60 times as intense as the green (5577 A). _ ensure that the distribution of atomic alignments 
Indeed aurorae seen here are always pre-_ is axially symmetrical about the field lines. 
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An excited oxygen atom (ID,) radiates at 
6300 A by means of a magnetic dipole transi- 
tion, and hence the radiation is emitted pre- 
dominantly in a direction perpendicular to the 
magnetic dipole of the atom, and with a 
magnetic vector parallel to this dipole. The 
distribution of the polarization of photons 
observed at the ground therefore corresponds 
to the distribution of the projections of the 
atomic magnetic dipoles on a plane normal to 
the line of sight 

It is clear from this, and from what we have 
said about the axial symmetry of the distri- 
bution, that no polarization will be observed 
on looking directly up the field. On looking 
perpendicular to the field lines polarization 
may be detected. We wish to discover where 
maxima and minima intensities will be observed 
as a polaroid is rotated about the line of sight 

Let the distribution of the alignments of the 
emitted photons in the plane normal to the line 
f sight be represented by the function f (4) 
Phat is, let the number of photons with magnetic 


vectors making angles of between @ and (@ + d#) 
with the geomagnetic field be 
(1) 


Polarization measurements do not distinguish 
between direct and reversed 
that @ is restricted to the range 
A polaroid with its “magnetic’’ axis at an 
angle » to the ge field transmits a 
proportion /° of the photons aligned in the 
direction 4, where to a good approximation 


I’ = cos? (¢ — 9) 


orientations so 
-/9 


magnetic 


(2) 


rhe total light transmitted will therefore be 


| cos — 4) dé (3) 


(4) 
i 6. K + COS cos 2A dé 


(5) 


+ sin 24 f (9) sin 24 dé 
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Now the distribution of photon alignment 
must be symmetrical about the field lines and 
hence can be expressed as a cosine series 


A. cos 4+ A. cos 264 (6) 
and hence from Fourier’s Theorem 
I’ =K + cos 20 (7) 


Hence maximum intensity will be observed. 
nowhere, or at polaroid orientations ¢=0 or 

=/2 as A, is zero, positive or negative 
respectively. That is the light will appear to 
be unpolarized, polarized parallel to the field. 
or polarized perpendicular to the field, depend- 
ing on the actual pattern of atomic alignment 

his conclusion has a simple physical inter- 
pretation. The polaroid used in our photo- 
meter has transmission characteristics close to 
that represented by equation (2). It thus 
selects the second harmonic of the photon 
alignment distribution and there can therefore 
be only one maximum intensity observed as the 
polariod is rotated between +90 The only 
position for this maximum compatible with the 
symmetry of the phenomena about the field 
lines is 0° or 90 

It should be realized however that this result 
depends on the characteristic of the analysing 
polaroid. A more selective polaroid 
have a transmission law 


might 


/ cos* ( 


and in this case two maxima could conceivably 
at both 0° and 90 

It is clear that along lines of sight which are 
not perpendicular to the geomagnetic field, the 
umount of polarization will be less; on looking 
up the field lines it will be zero; but, assuming 
again that equation (2) is correct, the 
direction of polarization will still be parallel or 
perpendicular to the projection of the field in 
the plane normal to the line of sight 

We now relate the sense of the observed 
polarization, i.e. parallel or perpendicular to 
the field, to the pattern of electron bombard- 
ment Simple classical arguments will be 
adequate for present purposes. In general the 
electrons will move along helical paths up or 
down the field. If the kinetic energy parallel to 


be observed, i.e 


now 


9 
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the field is a third of the total kinetic energy 
we may consider the electron velocities to be 
There are two possible departures 
The electron motion may 


unaligned 
from such a pattern 


be predominantly longitudinal up or down the 
field, or it may be predominantly gyration about 


the field 

If the electron motion is along the field lines, 
electron collision will produce excited atoms 
with spin axes and hence magnetic dipoles 
distributed in a plane normal to the field. The 
resultant radiation will therefore appear to be 
polarized with its magnetic vector perpendicular 
to the field 

In the case of electron gyration about the 
field lines, collision with unexcited atoms will 
produce excited atoms with spin axes (and 
hence magnetic dipoles) half of which will be 
For random orienta- 


parallel to the field lines 
be parallel 


tion only a third of the spin 
to the field. On looking in a direction perpendi- 
cular to the field therefore we will see 50 per 
cent of the atoms with spin parallel to the field 
but only 25 per cent with spin perpendicular to 
the field. The remaining 25 per cent will have 
spin perpendicular to the field but parallel to 
the line of sight and hence will be ineffective 


DUNCAN 


in producing visible radiation. We should there- 
fore expect at the most 60 per cent polarization 
with the magnetic vector parallel to the field 

This was the sense of the polarization 
observed on & July so it is concluded that the 
aurora on this night was excited by electrons 
gyrating around the magnetic field 
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direct information about the outer region of the earth's atmosphere 
1 new direction-finder developed by the firm Telefunken in 


made on 20 MHz with 


were mostly 
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The launching of the artificial earth satellites gave the opportunity to gain some 


Our radio observations 


Ulm. This instrument uses three pairs of adcock-antennas. The direction of the wave front and 
the amplitude of the received signals can be measured at the front of a television tube. A movie 
camera registers the pictures with a time resolution of 0:1 sec. The accuracy of the measured 
azimuths is about 0°5 For 1957 1957 2 and 1958 optical observations of the German 
Moonwatch-groups were used. Further orbit data were obtained from the Moonwatch 
Headquarters, Cambridge, Mass., the Air Force Cambridge Research Center, Bedford, Mass 


1. WAVE PROPAGATION AND THE 
STRUCTURE OF THE IONOSPHERE 

A transmitting satellite moving in and above 
the ionosphere gives information about the 
vertical and horizontal structure of the latter by 
studying the propagation of the radio waves. 
One of the most astonishing facts was the 
excellent audibility of Sputnik I far beyond 
the optical horizon in autumn 1957 as shown 
in Fig. la.’ In general the satellite could be 
heard when it was over the Northern Hemis- 
phere. On the average audibility was better 
when the satellite was to the south of the 
observation point than when it was to the north. 
An audibility far beyond the optical horizon 
was also observed at 40MHz and 108 MHz. 
In contrast to Sputnik I the third Russian 
satellite Sputnik [Il was much less audible in 
summer 1958 (Fig. 1b). 

The nature of this extraordinary wave propa- 
gation could be studied by the observations 
with the direction finder.'’?? As an example, in 
Fig. 2 the observed azimuths are plotted for 
comparison with the calculated values. Even 


at great distances a good agreement exists. So 
the wave propagation must have followed the 
great 


circle between the satellite and the 


and the Vanguard Computing Center, Washington 
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receiving station. It is important that in general 
only one well-defined wave front could be 
observed. So it is probable that the observed 
propagation is not caused by reflections but by 
a lead in the ionosphere due to the refraction. 
Chis mechanism only works well if the electron 
density is sufficiently high and if its decrease 
with altitude is For the F,-layer an 
electron density of | x 10° electrons/cm® results 
and a decrease by the factor 2-3 for a step 
of 200 km upwards is in good agreement with 
other authors.’ This propagation works only 
over large distances if the horizontal structure 
of the ionosphere is sufficiently homogeneous. 
In Fig. | it is striking that the satellite could not 
be heard in general beyond the magnetic equator 
apart from single cases. Very probably the 
well-known deep valley of the electron density 
over the geomagnetic equator cuts off the leading 
effect of the radio waves. 

On the other hand, great disturbances were 
also observed if the satellites were northwards 
and eastwards of the observation point, very 
probably due to the more disturbed polar 
ionosphere. In Fig. la the satellite sometimes 
disappeared abruptly after passing northward, 
although it could be heard much further away 
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60° 


¥ 


@) Sputnik !, 6/7.10.1957 (20MHz) 


6) Sputnik IT, 18/19.5.1958 (20 MHz) 


Fig. 1 
give the track 


represents the geomagnetic equator 


when in the south. On the other hand, the 
ionosphere was much more disturbed generally 
in summer 1958 than in autumn 1957 (Fig. 1b) 
Finally the audibility was in general better if 
the orbit was in the night hemisphere. Hori- 
zontal gradients of the electron density could 
be determined by differences between the 
observed and calculated azimuths as is demon- 
strated in Fig. 3. In this case the electron 
density must change by the factor 5 at a hori- 
zontal range of 500km. The scattering of the 
measured azimuths varies considerably with 
time and place. Sometimes very strong 
deviations occur up to 30° for a time of about 
30sec. On account of these irregularities 
sufficient measurements of the directions on 
20 MHz are necessary during the passage of the 
satellite to avoid significant errors in the deter- 


Audibility of Sputnik | and Ill 
where the satellites could be heard 


The full and the broken curves 
The dotted curve 
The figures give the local time 


mination of time 


From our experience the 
systematic error in time will not be greater than 
2 sec if the mean is taken from several passages 
eastwards and westwards of the place of obser- 
vation 

These ionospheric inhomogeneities could also 
be observed by the irregular fadings of the 


received signals. Their time scale reaches from 
several minutes down to several seconds, 
corresponding to inhomogeneities from a few 
thousand kilometers down to 100km in size 
A very fast fluctuation of the directions could 
be observed with only 0:3 sec duration as can 
be seen in Fig. 4. This is the same scale as 
that of the scintillation of the radio stars 

On the other hand, the regular fadings were 
of considerable interest; they are shown for 
a northward passage in Fig. 5 and southward 
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19586, (Sputnik ll) 
11.6.1958 n= 366 
Neu 
48°4°N 


Mean attitude 
280 km 


Azimuth 


— calcul Azimuth 


Fig. 2. 


observed Azimuth 


Bearings of Sputnik Ill. 


RUSSIAN SATELLITES 


The figures give 


the distance in km between the satellite and the 


observation point. 


passage in Fig. 4. For the amplitude a constant 
period of 4:2 sec and a variable can be distin- 
guished.’ The constant fading of the signals 
is combined with a simultaneous fluctuation of 
the observed direction with a period of 8-4 sec. 
So the constant fading is very probably due to 


the spinning antenna-system of the satellite. 
For the periodical variation of the azimuth the 
double refraction of the ionosphere is respon- 
sible perpendicular to the lines of force in the 


field, the so-called Cotton 
The splitting of the refraction 


terrestrial earth 
Mouton effect. 


1958 .6,(Sputnik 
29.8.1958 n=1454 


Neu-Uim 
10°C, 48-4°N 


Mean altitude 
1120 km 


Fig. 3 
the calculated azimuth. 


parallel to the magnetic lines—the Faraday 
effect—is represented very probably by the 
second fading with variable period.’ It pro- 
duces a rotation of the polarization plane on 
account of the displacement of the satellite from 
the observation place. The frequency f,, of this 
Faraday-rotation is given by: 


dL. fycos? e 
dt f? —ficos* 4 2=cm 


(1) 


[N.] is the electron density, 1 the distance 


calcul. Azimutn 
observed Azimuth 


Discrepancies between the observed and 
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Fig. 4 


Fadings of Sputnik | 


MEZ 


The satellite is 


located in the southwest of the observation point 


going southwards 


between the satellite and the receiving station, 
6 the angle between the satellite’s track and 
the magnetic lines, f, the electronic gyro- 
frequency in the terrestrial magnetic field and 
f the radio frequency. From this Faraday 
rotation an electronic density could be derived 
of 5« 10° electrons/cm’ at 470km height in 
Fig. la. From Russian measurements with 
Sputnik Ul a value of 1:5 10° ions/cm’ was 
found for an altitude of 790km.* These 
figures are in good agreement with the above 
mentioned vertical decrease of the 
electron density 


slow 


2. THE DENSITY AND THE STRUCTURE 
OF THE ATMOSPHERE 

From radio measurements with the direction- 
finder it was possible to determine the deceler- 
ation of the satellites 19572, and 19584, on 
account of the air drag. For 19572,, 19578 
and 19574, optical observations were used 

Let F be the effective mean cross-section of 
the satellite, M its mass, A the mean height, ¢ 
the eccentricity of the satellite's orbit and 
the air density. In the case of the Sputniks’ 


orbits with their small eccentricity the following 
good approximation is valid for the decrease of 
the revolution time P 


dP 3p 
dn M 


After the observations the period P can be given 
by a quadratic formula for the first half of the 
life time of a satellite: 


bn’ 
The linear coefficient a is determined by: 
dP 
(in) 


with 


(h) ds (2) 


an (3) 


FY (hy )27(R hy.) 
(4) 


pth)ds 


phy) < ~(R hy.) 


where R is the earth's radius and Ay. the 
perigee’s height. The factor c(e) gives the 
influence of the eccentricity ¢ of the satellite's 
orbit on the total effective air mass which is hit 
by the satellite during one revolution”. In 
the possible boundary conditions c(e) does not 


c fe) 
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depend very strongly on the assumed atmos- 
pheric model. So a first approximation can be 
derived for the atmospheric density p (/y»,), at 
the height of the perigee /,, from equation (4). 

The analysis of the quadratic coefficient 5 
in equation (2) is somewhat more difficult 
because different influences have to be taken 
into Firstly, the height of perigee 


account. 


u 
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Fig. 5 
4, but now going northwards 


Fadings of Sputnik | 


decreases slowly by the resistance of air in the 
vicinity of the apogee so that the air density 
(hy) in equation (4) increases. With sufficient 
accuracy we can write for the ratio of the rate 
of descent of the perigee to that of the mean 
height 


(ha 


cos y) ds 


dh, 
dh 


(5) 
|p (h) ds 


where » is the angle between the perigee and 
the satellite. Further, the eccentricity of the 
orbit and therefore c(e) increases 
Finally, the perigee shifts along the orbit and 
therefore its geographical latitude varies gradu- 
ally. The effect is a variation of the air density 
p on account of the earth's oblateness 


dec reases 
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In summarizing, the rate of descent of the 
perigee’s height can be written as: 


> 5) 
dh», 3 H (hw) 2h 
dh ala 
1 dele) df (o) 
6 
cle) dn dn (6) 


where H(/».) means the atmospheric scale 


1 1957 


The satellite is located in the southeast as in Fig 


height for the perigee and f () the relative vari- 
ation of the air density p (/».) due to the shifting 
of the perigee. The second term in the brackets 
can be calculated with good accuracy. It ts 
small compared with the first term. In Table | 
the coefficients a and / are given for the Russian 
satellites following from the mean decrease of 
the revolution time P for the first half of the 
life time. With these figures the term df ()/dn 
is small the of 2h/a for 
all Russian satellites except 1958. There are 
First, the shift of 
the perigee of the Russian satellites is very slow 
with a rate of only about 0-025 On the 
other hand, the perigees moved from northern 


relative to value 
two reasons for this result 


rey 


to lower latitudes where the air density seems 


to be smaller for a given altitude. (See also 
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Table 1 


Satellite a (sec rev 
0-220 
0-140 
0-185 
0-140 
0-050 


1957 
1987», 
19578 
1958 
1958 


Fig. 7.) So the ratio 24/a* in equation (6) 
represents mainly the decrease of the height of 
perigee due to the deceleration near the apogee. 

In equation (5) some uncertainty exists 
about the scale height H (h,.). The values given 
by different authors lay between 28 and 45 km 
Here a mean value of 35km was assumed. 


Sotellites 


Aw density - 
Fig. 6. The air density derived from satellites 
observations. Curve 1: Russian satellites, Curve 
2: American satellites The points a, b, c, d 


give the air density at the perigee’s height for 


Sputnik |, Hl, 
IV The 
measurements of Sputnik Ill. 


Vanguard and Explorer 
values after direct 


Explorer | 


crosses represent 


000016 
0000080 
0- 000053 
0 000030 
0: 000006 5 


/dh 


b (sec rev 


ARDC 


observed cale 1956 


021 
019 
0-076 
0-083 
0-093 


0-075 
0-075 
0-031 
0-031 


This figure is in good agreement with the air 
density of at 100 km given by 
the rocket measurements and an air density of 
at 225 km given by the satel- 
lites With this value for H(/p»,) the 
velocity of the perigee descent is nearly 3 
times greater than follows from the ARDC 
model (Table 1). It seems impossible to 
decrease the scale height H(h,,.) by such a 
factor. On the other hand, we have to consider 
the effect of electrical forces upon the satel- 
lite.’ But after the observed charge accumu- 
lation obtained with 1957.4, it seems unlikely 
that this effect will be of great influence. To 
take it into account the mean effective cross- 
section, F was enlarged by 20 per cent for 
220 km and by 60 per cent for 800 km altitude, 
supposing the influence of the electrical forces 
will somewhat increase with altitude. These 
figures do not affect the following results in 
any way. In Fig. 6 (curve 1) the air density is 
plotted which results from equations (4) and (6) 
with the values in Table 2. It is evident that 
the air density decreases much more slowly with 
altitude than given by the ARDC model 1956 
(curve 3). The curve | agrees well with the 
values of 19584, obtained directly with ioni- 
zation manometers It is nearly impossible to 
explain in a reasonable way the rapid descent 
of the perigee of the Russian satellites with 
the lower densities formerly adopted 

Above 300km a somewhat lower air density 
seems to follow from the deceleration of the 
American satellites (Fig. 6, curve 2).''°'” 
From recent rocket observations there is some 
evidence that the air density increases towards 
the poles."’"’ This could also be observed by 
the deceleration of 1958 4, in Fig. 8. As already 
mentioned the increase of the air drag by the 
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(Sputnik 7) 
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10°N 


Sun spotnumber 
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— 


1500 2500 


Fig. 7. Fluctuations of the deceleration of Sputnik 
ill. The full curve gives the observed fluctuations, 
the dotted curve represents the calculated increase 
of theacceleration, if thedensity of air weretoshow 


no latitudinal variation. 
Points: The sunspot number. 


ionospheric storms. 


shifting of the perigee southwards was much 
smaller than expected. After Fig. 8 the air 
density in 225km at 50°N in May 1958 was 
nearly 50 per cent greater than at 20°N in 
October 1958. Regarding the fact that the 
orbits of the Russian satellites reach much 
further to the poles than those of the American 
satellites, the meridian differences in Fig. 6 look 
quite reasonable. So for mean conditions a 
polar and an equatorial atmosphere seem to 
have been distinguished. 

In Fig. 8a are given the air temperatures 
which result from the vertical density distri- 
butions. While for an altitude of 1000km a 
value of about 1800°K results for the equatorial 
regions, the temperature seems to climb up to 
2500°K in higher latitudes. From this meri- 
dional temperature gradient a considerable heat 
flux must exist from the poles to the equator 

The results above only concern the mean 
conditions of the upper atmosphere. But also 
considerable variations of the decelerations 
with time have been observed by several satel- 
lites such as 19578, 19582, 19588., 19584, and 


Arrows : 


Magnetic and 


1958 4,."" ' There is one complication due 
to the fact that, except 19572, and 1958 £,, 
no satellites are spherical in shape. So the 
effective cross-section F will depend upon 
the angle between the axes of the satellites 
and the direction of the track. From the fadings 
of the radio signals it is very probable that some 
satellites (1957 2,, 19582) have shown a 
precession besides spinning. So the effective 
cross-section will vary in a complicated manner 
and may show regular periods in time as has 
been found for 19582.’ But the main 
part of the variations of the acceleration seems 
to be irregular. In Fig. 7 the fluctuations of 
dP/dn are shown for 19584, as derived from 
our radio observations on 20MHz with the 
direction finder. It is very interesting that the 
pronounced decrease during the first half of 
June 1958 and the following increase at the 
end of July have been also found for 1958 8.,,. 

Further, 19584, with the same orbit but with 
a different shape shows the same fluctuations 
as 19584,. Therefore these irregularities in 
the main part seem not to be genuine for the 
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Exosphere -« 


Air Temperoture —> 


Fig. 8. 


Density 


The composition of the upper atmosphere 


The full, dotted and broken curves represent the 
different atmospheric models. 


satellites but are caused by the atmosphere 
itself. It does not seem plausible that the 
influence of the electrical forces will vary 
in such a degree. For all these reasons 
it is probable that the observed  irre- 
gularities of the accelerations are caused 
primarily by variations of the air density itself 
in the vicinity of the perigee’s height. For 
19584, in Fig. 7 the amplitude amounts nearly 
to the factor 2 for an altitude of 225 km. 
For 1958 8, air drag was observed to fluctuate 
by a factor of 4 at 658km altitude. For still 
greater altitudes of 1000km the density may 
vary in the range 10-100 Assuming an 
established vertical equilibrium according to 
the barometric formula the variations of tem- 
perature would amount to +50°K for 225km 
in Fig No direct correlations could be found 
with special events such as magnetic and iono- 
spheric storms (Fig. 7). But there may be a 
correlation with the sunspot number. For this 
to have been found valid the density and 
the temperature of the upper atmosphere must 
show a considerable variation during the solar 
cycle. It may be that during the sunspot mini- 
mum the atmospheric polar model would look 
like the equatorial during the solar maximum 
and that the latter approximates to the ARDC- 
model 1956 


3. THE STRUCTURE OF THE UPPER 
ATMOSPHERE 

In Fig. 8 the density of the O,N atoms and 
of the N, molecules are given for the two 
models. It was assumed that the nitrogen is 
dissociated to 75 per cent. With the new 
higher temperatures a sufficient density of the 
N, molecules results at 1000km altitude to 
explain the strong spectral emission of negative 
N. bands of the high sunlit auroras which was 
impossible with the ARDC model. A further 
indication for the higher temperatures is the 
helium problem Compared with the 
amount of production by radioactive decay in 
the earth's crust a far too small concentration 
of helium exists. The only way to explain this 
discrepancy is to assume that a considerable 
amount of helium escapes to free space. The 

number of escaping atoms is given by: 
g. R+h 
V2= JH. 


Hu 


( atoms 
cm column sec 


where nm. is the number of atoms per cm 

g. the gravitation, H. the scale height in the 
critical level with the altitude h.. The critical 
level is defined by the condition that the mean 
free path length shall be equal to the scale 
height. For a sufficient rate of escape for the 
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helium component a temperature of about 
2000°K results for the critical level in a much 
higher value than given by the ARDC model. 
For the density in Fig. 8 the exosphere will 
begin at an altitude of about 600km for the 
neutral gases. In the outer part of the exosphere 
the atomic hydrogen will be the predominating 
part. The strong infra-red emission of OH 
bands is very probably explained by the 

reaction: 

H +O, >(HO)+O 
From the intensity of OH bands the concen- 
tration of the atomic hydrogen results in 10~* 
for 80 km height.'**? Due to the great difference 
between the scale height of hydrogen and that 
of the air a diffusive flux of hydrogen upwards 
H atoms wha 
sec cm* column 

must be equal to the rate of escape according 
to equation (7). In Fig. 8 the resulting 
H concentration is also given. We have named 
this region “‘outer exosphere’’, where the H 
density exceeds that of the heavier gases. *' 
In the polar region this outer exosphere would 


must exist of about 10° 


begin at 1600 km while it lies deeper at 1000 km 


at lower latitudes. Obviously the height where 
the outer exosphere starts must be very sensitive 
to the temperature of the exosphere. For the 
ARDC model with its low temperature the outer 
exosphere would already begin at 600 km 

But we have to consider that these estimations 
only give the lower limit of the possible H 
concentration in the exosphere. There may be 
a considerable influx of protons from space into 
the terrestrial atmosphere. One part will come 
directly from the sun, the other may originate 
from the interplanetary matter. According to 
recent observations of the zodiacal light the 
density of the interplanetary hydrogen can be 
estimated to about 500 protons cm™* with a 
temperature of 5000 to 10,000°K The 
mechanism of influx of these protons is some- 
what complicated on account of the terrestrial 
magnetic field. The distance r to which the 
magnetic field influences the interplanetary 
protons is given by the condition that the 
density of kinetic energy of the protons relative 
to the earth shall be equal to the density of the 


energy of the magnetic field: 


H, (R\*° 


where H, is the terrestrial magnetic field, 
V >, the velocity and mp, the number per of 
the interplanetary protons. If we assume V >, 
to be 30 km sec™', r is equal to 10 R, so that the 
effective cross-section of the earth is enlarged 
by the factor 100. Most of the protons hit by 
the earth and its magnetic field will be reflected 
and only a small part may enter the outer 
atmosphere along the magnetic lines near the 
poles. This amount may be estimated by the 
heat balance of the upper atmosphere. It is 
well known that there exists a heat loss in the 
upper atmosphere by heat conduction down- 
wards to the lower layers. With the new 
higher temperatures this flux amounts to 0-4 erg 
cm~* sec 

This value seems to be too large to be 
balanced by the influx of solar electromagnetic 
radiation according to the degree of ionization 
in the F layer. Half of this deficit can be 
balanced by the influx of interplanetary protons 
of 10'° protons/cm* column sec. This is only 
one-tenth of the total number of protons which 
are in interaction with the terrestrial magnetic 
field. The variable corpuscle streams coming 
directly from the sun will probably partly cause 
the observed irregular fluctuation of the air 
density. That there must exist a considerable 
influx of charged particles in the upper atmos- 
phere is demonstrated by the fact that a pro- 
nounced heat flux from the poles to the equator 
has been established by the observed meridional 
gradient of air density. The incoming protons 
will go over the neutral H component beneath 
the critical layer. So the upper limit of the 
H concentration may be about 10 times greater 
than given in Fig. 9. The distance where the 
number of the neutral H atoms equals the 
interplanetary protons will vary considerably 
The mean value may amount to once or twice 
the earth's diameter. 

[here is another interesting point, the ioni- 
zation of the outer atmosphere. According to 
the observed wave propagation and the satellite 
measurements of ions the density of charged 
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particles decreases much more slowly than that 


of the neutral components. 


On the average, 


the proportion of charged particles is 0-03 per 
cent at 500km and 2 per cent at 1000km. It 
seems probable that this increase will gradually 
continue with height up to the total ionization 
in the interplanetary space. So there may exist 
also a considerable influx of electrons from 
outwards. 
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AMBIPOLAR DIFFUSION OF A METEOR TRAIL AND ITS 
RELATION WITH HEIGHT 
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Investigation of the relation between the ambipolar diffusion coefficient, D, of a 
meteor trail and height shows that considerable random fluctuations occur. It 


is however 


possible to obtain a statistical relation between these parameters. Regression lines have been 
derived for the relation between log D and height and it is shown that care must be exercised 


1, INTRODUCTION 

Weiss *’, and Greenhow and Neufeld’’ have 
shown how the ambipolar diffusion coefficient, 
, of an ionized meteor trail may be obtained 
from the amplitude records of radio detection 
equipment. If the height of each meteor is 
known, it is easy to obtain a relation between 
D and height, and Greenhow and Neufeld have 
shown how the height of a meteor trail may 
be estimated from the decay time of the echo, 
by carrying out a calibration test in conjunction 
with the height measuring system described by 
Clegg and Davidson”®’ and Evans’. Because 
of the inherent scatter in the results the cali- 
bration ts statistical in nature and it is important 
to remember the fundamental limitations of the 
data presented. Essentially, Greenhow and 
Neufeld present their data as the regression of 
height on the logarithm of the echo duration, 
and because of the relation between echo 
duration and diffusion coefficient this same 
relation gives, with a change of scale, the 
regression of height on the logarithm of the 
diffusion coefficient. 

Because of the theoretical interest in the 
variation of diffusion coefficient with height, 
such measurements are of considerable import- 
ance, but in this case the required regression 
is that of logD on height. The difference 
between the two regression lines lies in the 
choice of the dependent and independent 
variables. In discussions of the variation of D 
with height, height is the independent variable 
In contrast, the analysis given by Greenhow 


in the correct choice of the two possible regression lines. 


and Neufeld takes the duration as the inde- 
pendent variable so that height becomes the 
dependent variable. This procedure is quite 
correct for their particular application where 
the duration is known and the best estimate of 
the height of reflection is required, but it is 
not correct to interpret the same relation as 
giving the best estimate of the diffusion coeffi- 
cient as a function of height. It is more 
appropriate to follow the method of Weiss" 
who derived a relation between log D and height 
from the records of the Adelaide meteor wind 
equipment. In the present paper a larger 
sample of Adelaide data is presented and the 
difference between the two regression lines is 
demonstrated. 


2. METHOD OF MEASUREMENT 
It is now generally accepted that the decay 
of the radio echo from a meteor trail is mainly 
due to ambipolar diffusion Herlofson” 
has shown that the decay of the echo amplitude 
is given by 


A =A, exp(— Dt/X*) (1) 


where A, is the initial amplitude at time ¢=0, 
and A is the amplitude at time ¢. Thus with a 
given radio equipment operating at a wave- 
length A, the echo duration is determined by 
the diffusion coefficient D. We may express 
the diffusion coefficient in terms of r, the time 
for the amplitude to decay to |/e of its initial 
value: 


D =? (2) 
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While the above applies only to the short, 
decay type echoes, it can be made a general 
relation if the time origin for A, is chosen 
appropriately. 

Throughout this paper the decay time of 
the meteor echo has been interpreted directly 
as a diffusion coefficient, according to relation 
(2). Since there is no reason to doubt this 
relation, the units of diffusion coefficient have 
been used in order to stress the fundamental 
concept rather than the less meaningful unit of 
decay time. It must be stressed, however, that 
it is really the decay time which is measured 
and the direct interpretation of this in terms of 
diffusion coefficient is merely one of conveni- 
ence. Should the validity of this relation be 
questioned, it is then necessary to consider the 
variable to be |/> rather than D 

The method of analysing the meteor echoes 
follows that detailed by Weiss The diffusion 
coefficients are deduced from the _ records 
obtained at Adelaide using a C.W. technique 
at a wavelength of 11:2m, as described by 
Robertson, Liddy and Elford” Including 
those from the work of Weiss,* a total of 1800 
echoes have been measured for diffusion 
coefficients and the combined data have been 
subjected to a more extensive analysis. The 
regression lines have been recomputed to give 
a more complete picture of the relations 
between diffusion coefficient and height. The 
rate of decay is determined by measurement of 
the amplitudes of successive maxima and 
minima of the doppler beat pattern. While 
this method of measurement much more 
tedious than simply measuring the decay time 
to half amplitude, it permits the rejection of 
those which do not show a true 
exponential decay. Some disturbing influences, 
such wind shear, rise to multiple 
reflections which modify the simple exponential 
decay law. Often such echoes are not easily 


is 


echoes 


as give 


* An error w made in of the results 
tabulated in Table 1 of Weiss The slopes given 
for loge D on height ire all too 
high by factor «. This error was introduced during 
the final reduction for publication and apart from the 
fact that it reduces the agreement between the slope 
of the measured and theoretic Fig. 3 
the general conclusions of that paper are not affected 
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detected by visual inspection of the echo wave- 
forms. 


3. THE ANALYSIS OF THE DATA FOR 
REGRESSION 

Plotting of the corresponding values of 
diffusion coefficient and height for a large 
number of meteor echoes gives a scatter diagram 
which shows that while the trend is for high 
values of the diffusion coefficient to be associ- 
ated with the greater values of height, there 
is a considerable scatter in the individual points. 
Such a plot is given in Fig. | which details the 
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Fig. 1 
D as a function of height for sporadic meteor echoes 
recorded during September 1953 
of height on log D (AB) and the regression of log D 


The distribution of the diffusion coefficient 
The regression 


on height (CD) are shown together with the appro- 
priate standard deviation limits 


diffusion coefficients for more than 500 sporadic 
echoes which were recorded during September 
1953. Since the height is measured to an 
accuracy of +1km the scatter due this 
source of error is at least an order of magnitude 
below that necessary to explain the scatter in 
the observations. Since the results quoted in 
Section 3 show significant linear correlation 
between log D and A, we must look for some 
other explanation of the scatter. The possi- 
bilities may be summarized: 
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. That the scatter may be due to the 
dependence of D on some factor which 
varies independently with height, for 
example, small scale atmospheric vari- 
ations or magnetic effects, 

That instrumental errors are involved in 
the measurement of D. 

Considering the first possibility, we have from 
the existing theory, vide Weiss", 

D=1-13 x 10-°T?/ pcm? (3) 
where T is the temperature of the region in °K 
and p is the pressure in mmHg. Thus D 
actually depends fundamentally on the value of 
T and p but since the variations of T and p 
with height are reasonably well known, we may 
interpret this as a dependence of D on h 
directly. However, appreciable departures 
from the assumed temperature and pressure 
profiles will be reflected as a scatter in the 
measured values of D. This possible source of 
scatter was kept in mind during the analysis 
since it is known that hour by hour values of 
temperature do fluctuate, especially in the 
region of the temperature minimum at 80 km“, 
If this were a source of scatter then two echoes 
which occurred within a minute or so of each 
other at approximately the same height should 
show good agreement in their values of D. In 
fact, there appears to be just as large a scatter 
between such echoes and others which are 
further apart in time. This suggests that either 
the temperature and pressure fluctuations are 
not the main cause of scatter or else that an 
almost unbelievably fine scale of detail exists in 
the upper atmosphere. Magnetic effects have 
been suggested as a possible cause of scatter 
but it has not been possible to isolate any 
scatter as due to magnetic influence. One 
would expect that the magnetic influences on 
meteor trails with the same radiant and in the 
same position in the sky should be identical, yet 
under these conditions there is no indication of 
reduced scatter. There is a significant 
diurnal variation in the values of diffusion 
coefficient which is not predicted by the existing 
theory. In general the highest values of the 
diffusion coefficient occur between 0200 and 
0400 hr local time and the lowest between 1600 
and 2000 hr, but it is difficult to trace a pattern 
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from one season to the next. For example, in 
June and September 1953, the effect becomes 
more pronounced at the greater heights whereas 
December 1952 shows very little diurnal vari- 
ation at the greater heights and March 1953 
does not show any clearly defined pattern 
Thus it still remains to establish whether this 
variation is due to a seasonal effect or to some 
random influence. 

The above suggests that errors in recording 
should be considered as a source of scatter, but 
a careful evaluation of possible errors involved 
can neither explain nor reduce the scatter. 
Even the most rigorous selection of “perfect” 
echoes does not effect the scatter. 

Because of the scatter it is obvious that the 
interdependence of D and A must be established 
on a statistical basis. The theory of regressions 
is applicable to this case if it is assumed that 
the variations from the regression line are 
random and are approximately normally distri- 
buted. It is not necessary to assume a rigidly 
normal distribution and the distribution of 
logD is sufficiently close to normal for the 
purpose of a regression analysis. Because of 
the relatively small error inherent in the height 
measurement it is not necessary to consider the 
height measurements as subject to random 
fluctuations. If we wish to find the variation 
of logD with height, we must take height as 
the independent variable and logD as the 
dependent variable in order to find the regres- 
sion of log D on height. In terms of the usual 
Statistical notation’ 
of log D on h: 


(log D —log D)=b (h—h) 


, we have for the regression 


where 
~ | (log D —log D) (h— hy) 
S (h—hy’ 
As an alternative procedure we have the 


regression of height on log D: 
(h—h)=b’ (log D — log D) 
where 
~ {(log D — log D) (h—h) 
¥ (log D — log Dy’ 
The latter assumes that log D is the independent 
variable and that A is the dependent variable. 
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Thus the value of logD is assumed to be 
accurate and the variation is considered to be 
due to an uncertainty in the height This 
approach is without basis unless it is necessary 
to estimate the height only from the knowledge 
of the diffusion coefficient. Such is the case of 
the experiment described by Greenhow and 
Neufeld 

Plotted in the logD-A plot of Fig. 1, the 
slopes of the regressions of log D and A and of 
h on logD have respectively slopes of 4 and 
1b’. The ratio of the slopes 4 and 1/4’ is the 
square of the correlation coefficient r 


hb 


It will be seen that when the correlation coeffi- 
cient 1s unity the two regression lines are 
identical, but for a scatter such as that shown 
in Fig. | the correlation coefficient is approxi- 
mately 0-55 and the ratio of the regression 
Clearly there is a significant 
difference between these two regression lines 
and it is important to choose the correct line 
for a particular application 


slopes is 0) w 
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Fig. 2. The regression of height on log D (AB) is 
compared with the individual results of Greenhow 
and Neufeld’s he ght duration experiment at a 
wavelength of 827m. Greenhow and Neufeld’'s 
mean height spread (horizontal bars) argees wel! 


with the standard deviaton of the Adelaide resuits 


MURRAY 


Fig. 3. The results of Table 1 are compared with 
the theoretical curve derived from the ARDC 
Model Atmosphere (1956) according to equation (3) 


4. RESULTS 

The regression of logD on A for sporadic 
echoes during the months of December 1952 
and March, June and September 1953 have 
been analysed and results are contained in 
Table 1. Fig. 3 compares the experimental 
results with the theoretical relation of equation 
(3). Values of temperature and pressure were 
/btained from the ARDC Model Atmosphere 
(1953). Because the records for September 
contain more useable echoes than the other 
months, this month was chosen for a more 
detailed investigation. Both regression lines 
for this month are shown in Fig. 1. While 
the regression of / on log D is of little general 
interest, it does afford a good confirmation of 
the results obtained by Greenhow and Neufeld 
In Fig. 2 the regression of h on logD for 
September 1953 is compared with the results 
quoted in their paper for the 8-27 m equipment 
In both Figs. | and 2 the standard deviation 
limits are indicated on each side of the regres- 
sion lines and it will be seen that there is 
excellent agreement with the results of Green- 
how and Neufeld. This fact lends weight to 
the assumption that if Greenhow and Neufeld’s 
results had been analysed for the dependence 
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Table 1. Regresssion Analysis for Sporadic Echoes 


Log ,D—Log b(h —h) 


Standard 
Month No. of echoes (log, D) tr deviation of 
| Regression slope of log.. D about 

log (cm? sec~ ') km) log. D on height regression 


December 195? 370 4-546 0:0144+0-0016 +0°172 


March 1953 3?) 4-501 91-1 00147 +0-0022 
lune 1953 37? 89-6 0-0173+0-0021 +0208 
September 1953 $39 4-485 90-7 0-0233+0 0019 +0210 


{dditional information for September 1953 


Regression of on log. D: b’=12°9 
Slope of regression of h on log... D: 1/b’=0-0777+0- 0019 


Correlation coefficient: r=0°55 


Standard deviation of h about the regression of h on log, D=4:°9 km 


of D on h, the results would have been in the measured diffusion coefficients to physical 
agreement with those quoted here for the problems of the atmosphere 
Adelaide data 
The effects of the meteor showers which were Acknowledgements—The author wishes to thank 
present during the months of December and L.G.H for the carry 
. . this for able cussio 
times when shower meteors were superimposed — for making available their records. 
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Abstract—-Comparison is made between measured field strengths of transmitted signals from 


earth satellites and those theoretically predicted when the transmitter position is in the region 


of maximum electron concentration of the / 


laver. below it, and above it The observed 


ibsorption value agrees best for a bipar tholic distribution with exponential continuation with 


K=8x10 where the electron concentration is given by N N ¢ 


rhe number of electrons 


per column in the upper region of the F, layer ts deduced to be 1:5 10'° electrons per cm 


This value is compared to the findines of Burgess. Curves are given of field streneths at distances 


ereater than 10.000 km. At distances of 16,009 km the formation of ionospheric wave guides 


make possible the transmission of radio signals 


1. FORMULATION 

The present paper is concerned with one of 
the methods used in the treatment of results of 
radio observations from the artificial earth 
satellites. This method consisted in determining 
the absorption coefficients of radio waves 
according to the electric field strength measure- 
ment data provided by the comparator centers 

Analvsis of the results of measuring the field 
strength of the radio signals from the satellites 
and of the absorption coefficients calculated on 
the basis of these measurements makes it 
possible to draw a number of conclusions con- 
cerning the ways of short wave propagation 
and their absorption in the whole thickness of 
the ionosphere as well as in its separate regions 
In analyzing the results of measurements, a 
method of comparing the experimentally-found 
absorption coefficients with those calculated 
theoretically by the methods of Kazantsev’”’’ 
was emploved 

To estimate the absorption coefficients in the 
F. laver a height of 300km and a kinetic 
temperature of 1000°K were used. Above 
200 km a temperature gradient of 3-5°C per km 
was assumed. The same gradient has been 
observed in the lower regions of 100 to 
300km®'. Comparison of the experimentally 
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obtained and calculated data makes it possible 
to attain a more specific understanding of the 
ionosphere structure 

Using the analysis of Kazantsev ') for electric 
field strength measurements at 2()Mec/s, a 
detailed analysis was made of the data obtained 
during the first three days of the artificial 
satellite’s flight (5, 6 and 7 October), since these 
data are the most complete and reliable. As 
far as the second artificial satellite is concerned, 
the analysis was made of the data received from 
the Moscow comparator center for the 3, 7 and 
8 November. For each time corresponding 
to a field strength measurement, the geographic 
location, height, and distance of the satellite 
from the comparator center were determined. 
On the analysis of the results of the field- 
strength measurements, it is necessary to con- 
sider three kinds of distances from the satellite 
to the observation station: 

(1) Short distances, at which the observation 
station was in the zone of direct visibility 
determined by the height of the satellite's flight. 

(2) Medium distances (from the boundary 
of direct visibility range up to about 6000 km), 
over which the waves propagate by way of 
successive reflections from the ionosphere and 
the earth's surface. 
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(3) Long distances (more than 6000 or 8000 
km) involving the region of the waveguide-type 
radio propagation 

Fig. | shows experimental data on the field 
strength measurements as well as the calculated 
curve for relatively short distances 


2. ANALYSIS OF THE DATA RELATED TO 
THE DIRECT VISIBILITY REGION 
As is generally known, the orbit perigee of 
the artificial earth satellites is in the Northern 
Hemisphere. Therefore, at certain time 


Fig. 1. 


first and second satellites 


passage through the whole thickness of the F 
layer and even in its separate regions, which 
are located lower or higher than the electron 
concentration maximum, and to draw con- 
clusions on the upper half of the layer which 
is inaccessible for radio probing from the 
ground. Such an analysis is feasible only by 


means of measurements relating to the zone of 
direct visibility, since at greater distances con- 
ditions become considerably complicated due 
to the reflections from the ionosphere and the 
ground. 


Field strength of the transmitters of the 


The satellites below 


F, layer; f==20 Mc/sec 
“@ Moscow, satellite | 


Experimental | 
data 


intervals in this hemisphere, the satellite was 
below the electron concentration maximum of 
the F., layer: at other times it was above; and 
at still others, near it 

Thus an opportunity arises to detail the 
absorption suffered by radio waves during their 


Khabarovsk, satellite | 
Moscow, satellite II 


calculated 


To determine the absorption in the F,, layer 
and its separate parts it is necessary to have 
three curves drawn on the basis of experimental 
data: 

(1) A curve of field strength as a function of 
distance when the satellite was below the F, 
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maximum electron concentration by approxi- 
mately one half-thickness (/,,) of this layer, 
i.e. at the base of the layer. 

(2) A curve of field strength as a function of 
distance when the satellite was above the F, 
maximum by approximately a_half-thickness. 
The half-thickness (/,,) is to be determined as 
in (1) above 

(3) A similar curve for the case when the 

satellite was near the maximum of electron 
concentration. 
The curves for the median values of the field 
strength as a function of distance for all the 
three indicated positions of the satellite are 
given in Fig. 2. 


Fig. 2. Median curves of the field strength, f—20 
Mc/sec. 1—-satellite below F, layer, 2—satellite 
near the F, layer maximum, 3—satellite above the 
F, layer maximum 


Absorption coefficients were determined from 
these three curves according to the formula 
E=E,e" (1) 
where F is the value of the measured field 
strength taken from each of the curves in Fig. 2 
for various distances; F, is the “unabsorbed 
field strength” determined for the range “‘by the 
beam” (taking account of the distance over the 
major circle arc and of the satellite’s altitude); 
and |° is the integral absorption coefficient of 
radio waves in the ionosphere 
The results available were compared for 
distances ranging from 800 up to 1600 km over 
the surface of the earth, because at greater 


distances the reception point is outside the zone 
of direct visibility for the satellite’s position at 
the lower base of the F. layer. The curves in 
Fig. 3 show the results of determining the 
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Fig. 3 
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The absorption coefficients of different 


ionosphere:—experimental data, 


absorption coefficients for different ionosphere 
regions at distances from the reception points 
to satellites lying within the limits of 800 to 
1600 km. 

Curve | gives a summarized absorption 
coefficient for the whole ionospheric region, i.e. 
from its lower boundary to the height exceed- 
ing the electron concentration maximum level 
in the F, layer by a half-thickness of this layer. 

Curve 2 represents the overall absorption 
coefficient for the whole ionospheric region 
below the electron concentration maximum of 
the F, layer (i.e. absorption in the lower half of 
the F, layer and underlying layers). 

Curve 3 determines the absorption in the 
region lying beneath the origin of the F,, layer 
(i.e. in the layers F,, FE, and D). 

Curve 4, representing the difference between 
curves | and 3, gives the value of radio wave 
absorption in the F, layer (determined as the 
region lying within heights from h,,..—A,, to 
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Mooax + Mm, Where hoax is the height of the electron 
concentration maximum) 

Curve 5, the difference between curves 2 and 
3, indicates the value of absorption in the lower 
half of the F., layer. 

Finally, curve 6 (which is the difference 
between curves | and 2) gives the magnitude 
of absorption in the upper half of the F,, layer 
(from tO + My). 

It should be noted that absorption of the 
radio waves passing through the F, layer is 
considerably higher than the absorption in lower 
layers, which depends on the effective number 
of collisions (generally between electrons and 
neutral molecules) and on the electron concen- 
tration of these layers (to put it differently, by 
the critical frequency). But the critical frequen- 
cies of lower layers in October and November 
during the morning hours (from 8 to 9 a.m., 
local time), were not high and could not effect 
a greater absorption, especially at such a high 
operating frequency as 20 Mc/s. 

On the contrary, absorption in the F, layer, 
conditioned by collisions of electrons with ions, 
was relatively very great, since it is determined 
by the electron and ion concentrations. In 
other words, absorption in the F, layer is 
determined by critical frequencies of the F, 
layer which were exceptionally high during these 
months, especially as the observed maximum 
of solar activity was extremely high. In 
addition to the absorption coefficients obtained 
from experimental data, Fig. 3 represents 
curves obtained theoretically (dashed curved 
1’, 3’, 4, S’, 6’). For the purpose of com- 
parison, Fig. 4 displays curves calculated on the 
basis of different distribution laws of electron 
concentration in the F,, layer. 

Thus, curve 2 is calculated on the basis of 
the law governed by the formula 


h,, (2) 


For short, we shall call the curve of the 
fourth order, determined by this formula, a 
“biparabola’’. Curves 3 and 4 in Fig. 4 are 
calculated on the basis of the assumption that 
the F, layer is biparabolic within the altitude 
range from h=0 to h=3/2h,, (starting from 
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the lower boundary of the layer), and then 
continues according to the exponential law: 


N=N.,e-*" (3) 


The values of K were taken equal to 2x 10~? 
for curve 3 and & x 10°* for curve 4. 

Fig. 4 also shows curve 5 drawn on the 
assumption that electron concentration in the 
lower half of the F, layer varies with altitude 


4 


4." 


r 
J 
a 
= 000 = 1500 
km 


Fig. 4. The absorption coefficients of the F, layer. 


1—experimental curve, 2—Biparabola, 3—Bipara- 
bola with exponential, continuation at x 10-2, 
4—Biparabola with exponential continuation at 
K—8 x10°?, 5—Bipatabola with exponential con- 
tinuation at x 


according to the biparabolic law, while in the 
upper part it follows the exponential law 
(K=4~x10-*). Patterns corresponding to the 
curves 2, 3, 4, and 5 of Fig. 4 are shown in 
Fig. 5. 

After consideration of the curves shown in 
Fig. 4, it is evident that the absorption value 
observed in the F,, layer agrees closest with the 
biparabolic pattern with exponential continu- 
ation at K=8~x 10° (curve 4 in Fig. 4). On 
the basis of this pattern, calculations were also 
made for dashed curves in Fig. 3, which show 
a good agreement with the absorption coefficient 
curves drawn on the basis of experimental data 
for different regions of the ionosphere 

Let us estimate, according to this pattern, the 
number of electrons in the vertical column of 
the ionosphere with a cross-section of 1 cm’ 
In doing so we would mean the F, layer, as the 
lower layers play a minor r6le in this case 
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Fig. 5. F, layer patterns. 1—Biparabola, 2—Biparabola with exponential continuation at K-=2x 10-2, 
3—Biparabola with exponential continuation at K--8x10-°, 4—Biparabola with exponential con- 


tinuation at K=-4x 10-3 


For the lower half of the F, layer, where the 
distribution of electron concentration is assumed 
to follow the biparabolic law, we shall obtain 


2h 


Ndh—N 


g 


According to the data of ionospheric 
measurements, the average value of electron 
concentration maximum during measurements 
can be taken equal to 


\ 16 x 10° electrons ‘cm 
and the half-thickness of the F. layer 
h 120km=1-2=« 10° cm 


consequently 


| Ndh = 10" electrons /cm 


Now we shall find the number of electrons 
for the region above the F, layer maximum 
We have assumed that within the interval of 


heights from A, to 3/2h,, the laver remains 
biparabolic. It follows consequently 


‘(2h ohh 

3) ah 

3 

\ 1 « electrons /cm (5) 


For an exponential continuation of the F, 
layer at heights above 3/2h,, which we take as 
zero height, to the height H over this level, we 
shall get 


HN 


N fe dh kK (i (6) 


where N, =0-°5625 


With H = 120 km (500 km above the ground): 


*") =8 « 10” electrons/cm’. (7) 

K 
Consequently, in the upper region of the F, 
layer (up to the indicated height) the number 
of electrons in the air column with a cross- 
section of is equal to 10 
electrons /cm’. 

It is of interest to compare these results with 
those obtained by Dr. B. Burgess*’ who 
employed the method based on recording 
rhythmical field fadings of the first Soviet 
Sputnik caused by rotation of the polarization 
plane of radio waves. Burgess found that the 
overall number of electrons in the vertical iono- 
spheric column up to the altitude of the satellite 
{450-500 km) was 10"° electrons/cm’. He 
considers that for the region below the F,, layer 
maximum this figure is equal to 4x 10" 
electrons/cm*, while for the region above the 
maximum it equals 1-5 electrons/cm’. 
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Fig. 6. 


—Khabarovsk, —calculated. 


lhe latter of these figures exactly coincides with 
the one obtained by us, while the former is 
considerably less, which probably may be 
explained by the earlier hours (local time) of 
observations made in Great Britain. 

If in equation (6) one takes the magnitude of 
H, at which e“" may be ignored in comparing 
with unity, we shall obtain, for the upper region 
of the F, layer (with N,,..= 16 10° electrons / 
cm"), the number of electrons in the | cm* 
cross-section column equal to ~2~ 
electrons/cm*, i.e. double the value for the 
lower region. Of course, the results obtained 
are preliminary and will be checked during 
successive launchings of the artificial earth 
satellites. 


3. ANALYSIS OF THE DATA RELATING TO 
MEDIUM AND LONG DISTANCES 

Radio propagation over medium 
distances exceeding the range of direct visibility 
determined by the altitude of the satellite. 
occurred by way of successive reflections from 
the F, layer and from the surface of the earth 
When the satellite was above the ionization 
maximum of the F, layer, radio waves, after 
passing through the thickness of the ionosphere 
and undergoing a certain refraction, were 
reflected from the surface of the earth and 
propagated further by way of a single or 
multiple reflection from the F, layer in those 
regions where its critical frequencies were of 
sufficiently great magnitude. 

For medium distances, generally, a rather 


wave 


Field strengths of | satellite as a function of distance, f 20 Mc/s, @—Moscow, 


good agreement has been achieved of the 
experimental and calculated values of the field 
strength as well as the integral absorption 
coefficients, which testifies to the correctness of 
the considered views on the propagation of 
radio waves. However, at longer distances, 
beginning from 6000 or 8000 km, the mechanism 
of radio wave propagation proves to be unlike 
that for medium distances. 

Analysis of the regularities governing changes 
in the field strength as a function of distance has 
shown that at longer distances the field strength 
during reception of radio signals from the 
satellite exceeded the values provided by the 
idea radio transmission formula. Fig. 6 shows 
the measured values of the field strength of the 


radio transmitter of the first satellite at 20 Mc/s 
as a function of distance. It is seen that signals 
were received and measured at distances of 
10,000 to 12,000 km, and in some cases 14,000 
to 16,000km. The examined data provides 
grounds for considering that at longer distances 
the electromagnetic energy propagated due to 
formation of ionosphere radio waveguides, 
which made it possible to receive signals at 
greater distances, reaching 16,000 km 
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Abstract—The orbital behavior of Satellite 1958 Epsilon has been analyzed to derive average 
upper atmosphere densities in the altitude interval of 257 km to 270 km between latitudes 50°N 
and 50°S. The method of computation and possible errors in the calculations are discussed in 
detail 

At an altitude of 2625 km above intermediate northern latitudes, the most probable value 
of mean density was found to be 1:3+0°4x 10 g/cm*. All numerical results showed a high 
degree of internal consistency, but gave no evidence of any appreciable variation of average 
density between latitudes 49° N and S during the time interval July to November, 1958. The 
data did not warrant firm interpretation of small deviations which could be ascribed to either 
a day night effect or slightly higher mean densities in the northern hemisphere 

At about 50°N and § latitudes, however, a sharp discontinuity was found, with the average 
density value in the northern hemisphere about twice that in the southern hemisphere. Assuming 
this to be a real phenomenon, the authors present tentative conclusions about the physical and 
dynamical state of the upper atmosphere 

In addition, an explanation is offered for some of the apparent discrepancies between mean 
density values obtained from satellite observations and many of the measurements by means 
of high-altitude research rockets 


1, INTRODUCTION vations." We therefore consider it 
Various investigators have derived values of important to detail here the basic assumptions 
upper atmosphere density from the observed as well as the computational techniques that we 
variations of the orbital elements of artificial used to obtain density values from the orbital 
earth satellites launched prior to May, 1958. behavior of Satellite 1958 Epsilon (Explorer 
A summary and review of this work’:* has [¥V). launched on 26 July 1958. 
shown that all density values obtained from 
satellites to date appear to be about an order 
of magnitude greater than most of those 
measured or extrapolated from rocket experi- 


This satellite was selected for a rigorous 
treatment because of a number of advantages 
with regard to its orbital characteristics in 
: comparison with those of the other artificial 
ments However, the internal scatter in the satellites launched to date. The initial orbital 
rocket data amounts to two or three orders of inclination of 50-33° causes a daily advance of 
magnitude, and it is difficult from rocket data atoyt 3° of the perigee, and a daily nodal 
alone to determine mean atmospheric conditions regression of roughly 3-7 In consequence 
at high altitudes the perigee point sweeps the latitude range from 

A number of complex phenomena can affect 5§9.33°N to 50-33°S within a time interval of 
the reliability and accuracy of upper atmos- approximately 60 days. Such a range in 
phere densities inferred from satellite obser-  jatitude should be sufficient to detect variations 

; in average atmospheric density, whereas the 

California time interval is still brief enough to avoid 
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confusion due to the seasonal variation of the 
sub-solar latitude. In addition, the perigee 
point passed slowly from the sunlit side into 
the earth’s shadow during the investigation 
period, permitting a study of possible day—night 
variations of density. 

It should be noted, however, that we have 
placed primary emphasis in this critical analysis 
on the optimum reliability and absolute 
accuracy which can be achieved in determining 
drag effects and, hence, atmospheric densities. 
The simultaneous application of the method 
described, and used here, to a number of 
satellites in orbits at the same time should 
eventually yield definitive answers to various 
problems of upper atmosphere physics. 


2. SATELLITE PARAMETERS 
From published descriptions of the technical 
characteristics of Satellite 1958 Epsilon’, we 
derived the following parameters for our calcu- 
lations: 


otal superficial area: a= 10,400 cm 


Area of longitudinal cross- 


section: A, = 3220 cm* 
Area of transverse cross- 

section: A,=196 cm? 
Effective cross-sectional 

assuming com- 

random orienta- a 

randon ienta A 2600 cm 
Minimum effective cross- 


sectional area, assuming 
random orientation about 
a transverse axis of 


tumble: A’=2170 cm 


In our analysis, we shall refer to the numerical 
values of these additional parameters: 


Effective mass—area ratio, 


assuming completely 

random orientation: m/A =6:42g/cm* 
Maximum possible mass 

area ratio: m/A,=85:22/cm 
Maximum _ probable 

mass-area ratio: m/A’ =7-68 g/cm 
Minimum possible mass 

area ratio: m/A,=5: 18 g/cm’ 
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rhe minimum possible cross-sectional area, 
A,, is the area of a circular cross-section of the 
cylindrical satellite. However, to obtain a 
minimum probable cross-sectional area, we 
must consider the question of angular rotation 
of the satellite. MOONWATCH reports and 
precision photographs taken with the Baker- 
Nunn satellite tracking cameras have been 
analyzed to obtain data concerning the photo- 
metric behavior of the satellite. 

Numerous visual observers have noted con- 
siderable variation in brightness, and have 
consistently reported intervals of about 3 sec 
between maxima. Five photographic images 
taken with exposure times of 0°8 and 1°6 sec 
(with short timing-breaks superposed) all show 
significant variations of brightness consistent 
with the periodicity reported by the MOON- 
WATCH teams 

For the cylindrical shape of Satellite 1958 
Epsilon, these data indicate a rotational period 
of approximately 6 sec. This period is con- 
sistent with conservation of angular momentum 
if the rotation has changed from the initial 
longitudinal spin imparted during launching to 
a transverse tumble. 

Therefore, we have calculated a minimum 
probable cross-sectional area, A’, on the 
assumption that the satellite tumbles with a 
period that is small relative to the time of 
appreciable drag near perigee. In this case, 
the minimum effective value is attained when 
the cylinder flies through perigee with its axis 
of tumble perpendicular to the flight trajectory 
For any other angle between the axis of tumble 
and the flight trajectory, the effective area will 
be larger. For a right circular cylinder, this 
effective minimum has the value 

A’ = —(A, + Ay) =2170 cm’. 

This argument considerably reduces the 
range of uncertainty in later derived densities, 
caused by the geometry of the satellite. 


3. ORBITAL DATA 
The computed variations of 
elements for Satellite 


the orbital 
1958 Epsilon between 


26 July and 16 November 1958, have been used 


9 
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to determine a number of values of upper 
atmosphere density at altitudes between 257 km 
and 270km above the earth's surface, and 
latitudes 50°N to 50°S. The initial orbit calcu- 
lations were based on reductions of photographs 
made with the Baker-Nunn satellite cameras, 
radio observations by Minitrack and Microlock 
stations, visual sightings by MOONWATCH 
teams, and radar observations The basic 
ephemeris and elements, distributed at roughly 
weekly intervals by the Smithsonian Astro- 
physical Observatory, were computed by Dr 
D. A. Lautman 


Table 1. Variable Orbital Elements 


Right ascen- 
sion of 


ascending 


Epoch Anomalistic Argument 


(Aug. 1958) period (days) ©! perigee 


4 44643 (7657237 63 
7021655 
11-2182! 
15: 40983 
23. 78067 


07627501 
0761712 
07601620 
47689 
40 84007 O7 563587 


(93727 NTSS1590 


O7S51R797 


$9515 
47950 07409992 
OR 265 074504372 
48448 07497110 
17858 07457130 
10313977 07445225 
108 71958 07433856 


* Extrapolated 


In Table |, we list the orbital elements that 
formed the basis of our calculations. In 
addition to these variable quantities, we took a 
constant orbit inclination of 50°33°, and a 
perigee distance of 10403 earth's equatorial 
radii, measured from the center of the earth 

Table 2 gives the quantities derived from 
the basic orbital elements under the following 
assumptions: Between the individual epochs, 
the anomalistic period is assumed to change 
linearly with time, resulting in an average 
change in period for the epoch intervals, and 
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a mean period for a reference date halfway 
between the epochs. The perigee altitudes for 
the reference dates are computed from the 
international ellipsoid and are given in kilo- 
meters above the mean sea level. Note that 
the perigee distance remains constant, while 
this perigee altitude decreases when the sub- 
perigee point approaches the earth's equator, 
solely because of the flattening of the earth 
lable 2 also lists the solar time at the sub- 
perigee point, computed from the difference 
between the right ascension of perigee and the 
right ascension of the sun. 


4. COMPUTATIONS 

Sterne’s simplified formula’ was used to 
calculate upper atmosphere densities for the 
reference dates and perigee altitudes given in 
Table 2. His formula relates the atmospheric 
density near perigee to the aerodynamic drag 
coefficient, C,, an effective satellite mass-area 
ratio, m/A, and the orbital acceleration, P, in 
the following way: 


tm P 


where F (a.e) is a slowly-varying function of 
the orbital parameters (semi-major axis and 
eccentricity) The factor of proportionality 
depends on an assumed gradient of density at 
the perigee altitude. We adopted the gradient 
given by the Smithsonian Interim Atmosphere 
No. 2 Since the resulting numerical values 
of absolute density are insensitive to reasonable 
variations of the density gradient, no appre- 
ciable error would be introduced, if the a 
priori assumed gradient were to be based on 
other model atmospheres. The value of Cy =2 
was used for the aerodynamic drag coefficient. 
A discussion of possible errors introduced by 
a number of independent effects is given in 
subsequent sections. 


5. NUMERICAL RESULTS 
The numerical results obtained are shown in 
Table 3. The reference numbers correspond 
to the listing in Table 2, and the range limits 
for altitude and latitude correlate with the 


nod 
4 
28 
145 9% 2:02 
17R RA 240 98 
240-9? 174-20 
265-81 15617 
41 139-66 
66:58 123.02 
352. 00°° 
10-466"* 
9-R1°* 


(km 


264°1 


7.2 


Aug 
Aug 
Aug 
Aug 
Aug 
Sept 
Sept 
Sept 
Oct 
Oct 
Oct 
Oct 
Novy 
Nov 


Che values of average atmos- 
lensity within these limits are computed 

tlue of the orbital elements at the 
Note that peri- 
northern 
‘rn apex of the orbit during intervals 3 


29.976 


3966 
91? 
13.31 
19 <9 
27.13 
4.658 
12.939 
24.816 
6.037 
10.731 
15.234 


8.159 


responding reference dates 
through 


Range of 
perigee 
altitudes 


269-5 
269 8 
269° 1 
264°7 
261-1 


258-2-2 


MSL) 


Table 2. 


the 
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Mean period 


(days) 


O-O76S1RS5 
00764056 
0-0767988 
00762106 
00760937 
0-0759474 
00757572 
755 
007535124 
007514360 
007507183 
007500742 
007477120 
yO7451178 
00743954] 


Range of 
geographic 
latitudes 


(deg.) 


N 
49 4°N 
SO-3°N 
48:°3°N 
36° N 
25° N 
1° N 
13° § 
46°5°S 

S 
N 
N 


and 


centric latitude 
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Orbital Characteristics 


Sub-perigee 
point geo 


(deg) 


39 


47-0 


49°5 
43 


310-2 


and 11, respectively 
passed during intervals 8 and 14 


column 


m 


Range of Values of Atmospheric Density for Cp 


based on the use of an effective mass area 


ortentation was completely random during the 


Average 


Possible 


minimum 


109 10 
x 10 

23x 10 
1-00 
O98 x 10 
1-09 10 
1-23 10 
10510 
O98 10 
10 
0-65 x10 
084 x 10 
103x110 
1-05 x10 


[he earth’s equator was 
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Reference date Perigee Solar time at 
altitude sub-perigee 
numDder latum) change | 
(km-MSL) point 
(sec /day) ; 
Jul — 1-769 ms 265-9 09:36 
1643 268-7 09:42 
; 2-005 269'8 09:38 
1-60 | 267°3 09:22 
1:78 || 262°5 O8 : 34 
7 2-02 14:4 258°4 07:18 
8 1°682 6-0 05:41 
4 1-614 31:2 262°9 03:43 
10 1-545 49°) 269°4 03:01 
12 1:394 47°5 03:04 
13 | 848 27-7 261-8 02:08 
14 1°725 10 257:2 00:01 
1s 13.930 1-760 258°5 23:00 
rigi 
vee ratw f at 
— 
atmospheric density 
probable maximum maximum 
267-3 135x110 16110 179x10-33 
44 25x10 13 10 166 10-13 
; 699 49-4 s?x10 18210 20-2 x 10-13 
249-1 24x10 148x10-!5 16°5x 10-13 
2647 48 71x10 3 145x10-13 16°1x 10-13 
2611 | 36 35x 10-18 3 161x 10-33 17-9x 10-13 
25 §3x10-! 183 x10-'3 x 10-13 
g 27x 3 1-$2x 10-13 169x 10-1 
) 68°5 13 21x 10-'3 1-45 x 10-33 16°1x 10-33 
268 13 1:39 10 15-4 10-13 
50°3 81x10-! 13 0-97 x 10-13 10°7 x 10-13 
? 269° 5-267'8 49°3 3 13-8 x 10-13 
967:8-257°4 45 18:3 x 10-13 
257:1-257°6 6 28 x 10-14 10-13 170x10-"™ 
is 257-6-260-0 30x 10-15 13 1:56x10-! 17-2« 10-13 


passages of the satellite through the perigee. 
The other columns assume that the above con- 
dition has not been fulfilled and give the 
possible extreme values of density which would 
result under non-random orientation. If the 
satellite had passed the perigee in a broad-side 
position on each revolution, the use of the 
minimum possible mass-—area ratio, 


m/A,=5:18 g/cm’, 


would indicate a possible minimum density 
Pmm. Conversely, if the long axis of the satellite 
had been aligned, on every passage through 
perigee, parallel to the flight trajectory, the 
maximum possible mass—area ratio, 


m/A,=85:2g/cm’, 


would be applicable, resulting in a high density, 
The probable maximum density, 
based on m/A’, is considerably below this 
value, however 

For a satellite whose axis is not aligned in 
inertial space by rotational momentum, aero- 
dynamic torques during perigee passage may 
cause an alignment of the body axis, leading 
to systematic deviations from completely 
random orientation. For example, if the 
center of mass is sufficiently far from the center 
of volume, the assumption of completely 
random orientation at perigee may result in 
an overestimate of the average presentation 
area and lead to consistent underestimates of 
density 

However, this argument does not apply to 
Satellite 1958 Epsilon The photometric 
evidence cited earlier shows that this satellite 
tumbles about a transverse axis. Therefore, 
we do not admit the applicability of the possible 
maximum, and we believe that reasonable 
limits are given by the probable maximum and 
possible minimum values of density listed in 
Table 3 

We have thus estimated the probable range 
of densities introduced by uncertainties in the 
effective presentation area of the non-spherical 
Satellite 1958 Epsilon. Numerically, this range 
covers a factor of 1-48, the ratio A, /A’. Note 
that the upper limit, A,, is a definite one that 
results in a minimum possible mass-—area ratio, 
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m/A,, and in the lowest possible values of 
density, 


6. UNCERTAINTIES IN THE DENSITY 
DERIVATIONS 

Three types of criticisms can be levelled at 
the direct application of Sterne’s formula to 
the data for Satellite 1958 Epsilon. The first, 
that the orientation of the object at perigee 
cannot be precisely specified, has been shown 
above to introduce uncertainties of +25 per 
cent in the geometrically effective cross-sectional 
area, with a definite upper limit, A,. In turn, 
this value specifies a definite lower limit for 
derived densities, leaving open only the possi- 
bility that the true densities are higher than 
the computed minimum values. 

Second, a major uncertainty is introduced by 
the variation of the drag coefficient with altitude 
and attitude’. Recently a study group at the 
RAND Corporation thoroughly investigated 
this phenomenon. Available evidence'’’, both 
experimental and theoretical, indicates tenta- 
tively that a better value of the drag coefficient, 
at the altitude with which we are concerned 
here, and for the shape and surface character- 
istics of Explorer [V, might be C,=2°3, with 
probable limits of 2:0 and 2-5 depending 
primarily on the degree of dissociation of 
nitrogen. Since the values listed in Table 3 are 
based on the use of C, =2, multiplication of all 
entries in the density columns by factors of 
()87 and 0-80, respectively, would give reason- 
able corrections due to deviations of Cy, from 
the value used. 

Finally, we can safely neglect electrostatic’ 
and electrohydrodynamic'’*’ drag effects as 
additional sources of possible error, for the 
perigee altitudes of Satellite 1958 Epsilon. Re- 
evaluation” of the early theoretical con- 
siderations by Jastrow and Pearse''’, and 
experimental data on charge accumulation 
obtained by Soviet scientists with Sputnik III°*’, 
make it appear extremely unlikely that such 
additional drag effects would alter our derived 
densities by more than five per cent. 

We have neglected any additional drag effects 
due to the presence of the earth's magnetic 
field and ionization of the atmospheric gases 


~ 
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for the perigee altitude and configuration of 
Satellite 1958 Epsilon. While such effects may 
become appreciable at portions of the orbit 
near apogee, theoretical arguments suggest that 
they would be negligible in comparison with the 
atmospheric drag force acting near perigee. 

Further, there is an empirical justification 
for ruling out the possibility of severe drag 
effects not considered in our discussion above. 
Warwick"®’ has derived an atmospheric density 
from the observed damping of the rotation of 
Satellite 1957 22, on the assumption that aero- 
dynamic drag on the antennae produced the 
damping. The density thus derived agrees very 
well with those derived from observed changes 
of the orbital period of the same satellite. 
Since completely different regimes are involved, 
non-aerodynamic effects changing the orbital 
period would not affect rotational motions to 
the same degree. Therefore, the agreement in 
densities strongly suggests that aerodynamic 
drag is, indeed, the only force acting to dissipate 
energy. 

Our calculations did not consider rotational 
velocity of the earth’s atmosphere. For the 


orbital characteristics of Satellite 1958 Epsilon, 
this neglect may lead to an underestimate of 
density by perhaps as much as 10 per cent. 


We now consider possible errors due to 
inaccuracies in the orbital elements. We have 
reproduced in Tables | and 2 the orbital data 
to the precision with which they were known 
or could be reasonably calculated. Uncer- 
tainties in these data cannot affect the density 
results by more than one or two per cent, with 
one important exception: the perigee altitudes 


Table 4. 
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may possibly be accurate only to +5 km above 
the geoid, and hence the absolute altitudes to 
which these densities refer are uncertain by the 
same amount. The relative altitudes or altitude 
differences, on the other hand, are accurate to 
several tenths of a kilometer. 


7. NUMERICAL ESTIMATES OF PROBABLE 
ERRORS 


By assuming that all effects discussed above 
may possibly, although not necessarily, intro- 
duce accumulative errors, we can derive the 
numerical limits of accuracy. We have chosen 
Reference Interval Number 6 at the altitude of 
262:-5km between latitudes 25°N and 36°N 
for this purpose, but the analogous calculations 
can, of course, be carried out for all values of 
density listed in Table 3. In Table 4, possible 
values of density for different presentation areas 
and drag coefficients at this perigee altitude 
are shown. All density values are given in 
g/cm’, Cy is dimensionless, and m/A in 
g/cm’. 

A quantitative evaluation of the various other 
effects which can contribute possible errors is 
attempted in Table 5. Correction factors are 
listed which represent maximum probable 
deviations from the computed density values 
shown in Table 4. 

if now take the highest and lowest 
possible density values shown in Table 4, and 
multiply with the appropriate accumulative 
correction factor, we can place absolute limits 
on the true value of the average upper atmos- 
phere density inferred from Satellite 1958 


is 


we 


Possible Density Values at 262'5 km Altitude as a Function of Mass—Area 


Ratio and Aerodynamic Drag Coefficient 


Maximum 
possible 
85:2 
17-9» 
15-6 > 


14:3> 


10 
10 
10 


161 
1:40 x 
1:29 x 


* Highest possible value. 
+ Lowest possible value 


Maximum 
probable 
7-68 


10 
10 


10 


Probable 


random 


Minimum 
possible 
5-18 
1-09x 10-13 
09410 
O87 x10 


4 
20 13510 
a3 17x10 
2°5 is x 10 + 
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Epsilon at a perigee altitude of 262-5km above 
geographic latitude 25°-36°N, as follows: 
6-8 = g/cm* <p 2:3 x g/cm’. 

We think that this procedure takes ‘nto 
account all possible accumulative errors, and 
it illustrates and places reasonable limits on the 
errors which lack of knowledge could introduce 
into derivations of density from satellite obser- 
vations. We feel inclined, however, to believe 
that the most probable limits for the accuracy 
of our average density point at 262:-5km, in 
accordance with the earlier discussions, would 
be: 

(1:3 +0-4) = g/cm 


Table 5. Estimates of Probable Error Correc- 
tions in Addition to Uncertainties in Mass-Area 
Ratio and Drag Coefficient 

Possible effect Decrease Increase 
m 
Electrostatic and electro 
hydrodynamic drag 
Rotation of atmosphere 
Inaccuracies of orbital 
elements 
Uncertainty in perigee 


height 


Accumulative effect 


8. DISCUSSION 

The variation of average atmospheric density 
with altitude between 250km and 275km 
above the earth's surface is shown in Fig. 1. The 
most probable values of density derived from 
Satellite 1958 Epsilon are plotted for the refer- 
ence dates and altitudes given in Table 2. We 
have indicated the range of probable accuracy 
for Reference Interval Number 6 at the altitude 
262:5 km as estimated in the preceding section. 
For easy orientation, the figure contains also 
portions of model atmospheres’: 

Examination of Fig. | evidences a striking 
consistency and surprisingly little spread of the 
derived values. Otherwise, the data presented 
in this form are insufficient to allow any firm 
conclusions, because all deviations fall within 
the limits of uncertainty and probable errors. 


From extrapolations of rocket data, on the 
other hand® we would have expected 
to find substantial evidence for rather large 
latitudinal as well as diurnal variations of 
density at these altitudes. Fig. 2 shows the 
results of an attempt to investigate our data 
further in this respect 

First, we tried to eliminate the variation of 
density produced by ellipticity of the geoid. 
The normalized quantity p/p, represents the 
ratios between the most probable density values, 
from Table 3, and corresponding density values 
given by the Smithsonian Interim Atmosphere 
Number 2" for each reference altitude (see 
Table 2). If we assume the applicability of the 
scale heights, or density gradients of this model 
atmosphere, any observed variation of p/p, 
should be independent of height changes 
Further, it will be proportional to the atmos- 
pheric density at a fixed, standard height within 
the interval 257km to 270km at all latitudes, 
regardless of the flattening of the earth. It 
should be noted, however, that this procedure 
would be incorrect, if the true atmosphere is 
formed of concentric spherical shells and does 
not follow a quasi-ellipsoidal distribution of 
geopotential surfaces at higher altitudes. 

Fig. 2 is a plot of the quantity p/p, for each 
reference interval against geographic latitude 
and shows an interesting phenomenon. With 
the sole exception of two intervals, Numbers 3 
and 11, the variation from latitude 49°N to 
latitude 49°S is less than 25 per cent. 
Intervals 3 and I1, however, represent the 
passes of perigee through the most northern 
and most southern latitudes reached, slightly 
beyond 50°. The probability of a coincidence 
due to chance appears rather low to us. It 
does not seem possible that orbital phenomena 
or inaccuracies associated with the perigee 
location near the orbit apices could be respon- 
sible either. Assuming that the phenomenon 
is real, we can interpret the results as an 
indication of a true variation of density with 
latitude or time. 


9. CONCLUSIONS 
It will be noted that the points in Fig. | fall 
sufficiently close to the Smithsonian Interim 
Atmosphere’ that it was not necessary to fit 
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Fig. 1. Atmospheric densities 


derived from Satellite 


g/em” 


1958 Epsilon. (Perigee 


distance of 6635°5 km from earth’s center assumed constant.) Portions of model 


atmospheres are inicuded for 


another curve to the determined values. It will 
also be noted that all densities derived with any 
one set of assumptions show a remarkable 
consistency with each other. Taking into 


account the probable errors and uncertainties, 


we conclude that satellite observations provide 
a consistent means of deriving the ambient 
density of the upper atmosphere. 

While it would be unreasonable to base any 
firm conclusions on deviations from standard 
values that do not fall significantly beyond an 
area of probable errors, the implications could 
be of such importance to upper atmosphere 
physics as to warrant some speculative 
deductions. From the evidence shown in Fig. 2, 
we may reach thus the following tentative con- 
clusions: 

Between 26 July and 16 November the 
average atmospheric density, as derived from 
observations of Satellite 1958 Epsilon between 
the heights of 257km and 270km above the 
earth's surface, showed no appreciable variation 
as a function of latitude from 49°N to 49°S. 
The present data give a very slight indication 
that the mean densities in the southern hemis- 
phere were somewhat lower by perhaps 10 per 
cent to 20 per cent, than those in the northern 
hemisphere, before the sun dropped consider- 
ibly below the equator. However, there is a 


comparision. 


possibility that at least part of this slight differ- 
ence, if real, may have been due to a day-night 
effect. The variations of p/p, against solar 
time at the sub-perigee points have not been 
plotted here, but can be inferred from Table 2. 
Intervals | through 7 were determined while 
the area of perigee passage was illuminated by 
the sun. For intervals 8 through 15, the sub- 
perigee point was located in the earth’s shadow. 
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Fige 2. Variation, with latitude, of normalized 
densities in the neighborhood of 260 km altitude 
as derived from Satellite 1958 Epsilon. (Normal- 
ized densities are ratios of derived densities to 
model densities at perigee height, and are thus 
essentially free of perigee-height variations.) 
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Hence, the apparently higher densities in the 
northern hemisphere before October may be 
representative of a true though small diurnal 
variation, with somewhat higher densities 
occurring in the sunlit parts of the earth's 
atmosphere 

There are indications that the average atmos- 
pheric density showed a considerable discon- 
tinuity in the vicinity of latitudes 5O°N and S, 
the northern value being almost twice as high 
as the southern value. If this proves to be a 
real phenomenon, we would be led to deduce 
a dynamic behavior’ of the atmospheric 
region above 250km, that may be analogous 
to the large-scale wind circulation in the strato- 
sphere between some 30km and 80km 
altitude®*’. 

The apparent density discontinuities at 50°N 
and 50°S, if representative of higher and lower 
ambient densities at high northern and southern 
latitudes, respectively, could logically be associ- 
ated with circumpolar vortices of mean air 
flow pattern above both the north and the 
south polar regions. As a consequence, there 
would be a large-scale mean meridional flow 
from high northern latitudes to high southern 
latitudes at these altitudes. The Coriolis force 
on such flow would cause predominantly east 
wind components in the northern hemisphere, 
and predominantly west wind components in 
the southern hemisphere. Again, in analogy 
to the average stratospheric circulation, we 
would expect a reversal of this basic pattern 
twice a year, if the causative agent is absorption 
of solar energy by an atmospheric constituent 
as a function of concentration and solar zenith 
angle, with subsequent dissociation and heating, 
or the downward flux of thermal energy from 
outside the atmosphere. Diurnal as well as 
sporadic changes could be superimposed on 
this general circulation, frequently masking the 
localized picture, but not radically affecting the 
average large-scale density system. 

The above argument is, of course, a truly 
speculative one, suggesting that the dynamic 
scheme above some 200km altitude may be 
different from the flow patterns which we 


believe to operate in the lower ionosphere®®: * 
i.e. solar heating primarily above tropical lati- 
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tudes and resultant flow patterns generally 
similar to tropospheric circulation systems. 

Finally, we can use the density data analyzed 
here to propose a partial explanation of the fact 
that, as opposed to satellite measures, the 
measurements by means of high-altitude 
research rockets have shown a large scatter of 
density and pressure values, with results from 
individual ascents frequently differing by orders 
of magnitude’ Although rocket measure- 
ments necessarily represent exceedingly short- 
lived, practically instantaneous probings, they 
consistently give the impression of widely 
diverse and rapidly changing conditions. Not 
a single measurement appears to be reproducible 
and we seem to be faced with large changes of 
density and temperature from season to season, 
and day to day. Naturally, a rather confused 
picture of average conditions evolves. 

Satellite data, on the other hand, are truly 
long-period integrated measures of the ambient 
atmospheric density over wide ranges of time 
and latitude. These results appear to give us 
a quiet and consistent picture of average con- 
ditions of the high atmosphere 

When making the plausible assumption that 
the basic discrepancies between rocket and 
satellite results are not solely caused by 
instrumental errors or large inaccuracies, but 
are due, at least in part, to the actual atmos- 
pheric situation, we are finally led to a con- 
clusion which by now will be rather obvious. 
We can express it best in these simple terms: 
Rockets measure the weather of the upper 
atmosphere; satellites measure the climate as 
far as atmospheric density is concerned. In 
consequence, it appears to us that the physical 
and dynamical state of the high atmosphere 
must be studied from the point of view of 
meteorological research. However, while this 
picture can explain density changes by perhaps 
factors of two or three, we are unable to inter- 
pret variations, of orders of magnitudes, as 
indicated by some rocket measurements. 

With the simultaneous existence of a number 
of satellites in different orbits, extension of our 
present method of analysis may soon result in 
a wealth of reliable information on the depend- 
ence of average upper atmosphere density on 


v 
: 


latitude, season, and time of day. Continued 
probings by means of research rockets will 
provide the information needed to study the 
fine structure and to further our understanding 
of the physical state and behavior of the earth’s 
atmosphere. 
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Abstract——Continuous spectra of the light 
N. I. Grishin near Moscow, U.S.S.R., are 
of the lower atmosphere 
explained in terms 
radius of 0-4 


layers above 


nd certain night sky emissions 
4 km is ilso no ed 
The possibility of an 


ice composition 


water vapor is examined and found 


sim composition and 


n interplanetary 
close relation with the Martian “blue haze” 


1. INTRODUCTION 


In recent vears and during the IGY the investi- 
gation of noctilucent clouds has been receiving 
renewed attention. Systematic new observations 
have been carried out in Sweden": * and in the 
Soviet Union These already permit some 
testing of various theories concerning the nature 
and origin of the particles responsible for this 
interesting visual phenomenon 

It will be the purpose here to present new 
analyses of the continuous spectrum of the 
light from the clouds, by considering the 
scattering of sunlight by the cloud particles and 
its transmission through the atmosphere. Some 
inferences are drawn respecting the size of the 
particles as well as the nature and origin of 
the clouds 


2. THE CONTINUOUS SPECTRUM OF 
NOCTILUCENT CLOUDS 
2.1. Method of reduction 
N. LL. Grishin has recently provided 
especially interesting observations including the 
first published continuous spectra of noctilucent 
clouds. Fig. | gives some of the original 


presented at a symposium on 
clouds during the Fifth CSAGI mectine 
SS.R.. 3 July-9 August 1958 


from 
analysed after 


ind the spectrum of sunlight 


of the 


unjustified 


eived 18 November 1958) 


noctilucent recently obtained by 
accounting for the selective attenuation 


It is found that the 


clouds, 


spectra may be 


of primary scattering of direct sunlight by dielectric spheres with a maximum 


The apparent absence of any nocturnal ozone 


condensation of terrestrial 


Rather 


clouds formed by 


on physical grounds i silicaceous or 


origin for the cloud particles is favoured and a 
is suggested 


unreduced spectra obtained by that author’ 
by means of photographic spectrophotometry 
in June and July 1951 from a station 19km 
NW of Moscow. The topmost spectrum is that 
of the night sky without noctilucent clouds 
The remaining three spectra correspond to 
noctilucent clouds at an elevation 8° to 9° above 
the horizon. Observations were conducted after 
local midnight. The traces reveal considerable 
spectral detail and the added luminosity of the 
clouds in the green and blue region, above that 
of the clear sky, is evident. By a careful 
reduction of these observations Grishin has 
shown some interesting characteristics of the 
relative spectra of the twilight sky and nocti- 
lucent clouds for which details the reader is 
referred to the original publication 

It is fairly certain that the visibility of these 
clouds is mainly due to the scattering of sun- 
light at small angles (¢<(90°) by layers of 
particles just above the earth's shadow. It is 
therefore important to study the intensity 
distribution for various wavelengths and its 
variations with the scattering angle in order to 
obtain as much information as possible regard- 
ing the size, nature, and concentration of the 
cloud particles 

Since the height of the clouds is known to 
be well above the main scattering part of the 
molecular atmosphere (e.g. the layer up to 30 km 
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€500 6000 5500 5000 4600 4000 
Fig.1. Original unreduced spectra of the twilight 
sky (top curve) and noctilucent clouds (remaining 


curves) after N. |. Grishin (2). 


above sea level) the nature of the true spectrum 
can be deduced from that observed at the 
ground by using certain simplifying assump- 
(1) that the observed intensity is the sum 
if singly scattered sunlight from the clouds and 
the twilight (multiply scattered light) received 
from the same portion of the clear sky and at 
the same solar depression, in the absence of 
noctilucent clouds; (2) that the clouds are 
illuminated only by direct sunlight whose path 
lies entirely above the main scattering layer of 
the lower atmosphere 
In Table | below are listed pairs of obser- 
tions of the noctilucent cloud and clear sky, 
marked A, B, C, D, chosen from the original 
i in such a way that the sun’s depression 
ind angular elevation fh of the point of 
rvation are closely equivalent for each pair 


tions 
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lhe values of the scattering angle 4 in column 6 
of Table 1 represent the angle between the 
forward direction of direct solar radiation at 
the cloud and the direction of the light from 
the clouds scattered toward the observer. The 
values shown, obtained by setting 6=h, +h, 
will be strictly correct only if the plane deter- 
mined by the sun, the point of the sky observed 
and the observer passes through the local 
zenith. In any other case the scattering angle 
will exceed the sum h,+h. Astronomical 
refraction and atmospheric dispersion have 
been neglected 

Under the assumption (1) above, the relative 
spectrum of the noctilucent clouds proper can be 
found by subtracting the intensities of the clear 
sky from those of the clouds in each pair of 
fable 1. Thus, using the intensities / and i” 
for clouded and clear skies, respectively, as 
listed for various wavelengths by Grishin‘ 
and applying the calibration factors F,, also 
listed by that author, we have, 


MY Ey: 


(1) 


where /°(#) represents the light of the nocti- 
lucent clouds only, after passage through the 
atmosphere 

Under assumption (2) above and according 
to the appropriate theory of particle scattering 
of sunlight'*’, the directional scattered intensity 
at wavelength is proportional to the 
incident solar flux density, to the concentration 
of the particles per unit volume, and the 
normalized scattering function which is deter- 
mined by the size and nature of the particles. 
It is these last quantities which are 
unknown, whereas the extraterrestrial solar flux 
spectrum and the transmission characteristics 
of the clear atmosphere are known with good 
accuracy. One may therefore reduce the data 
further by means of the expression 


each 


two 


I 


1. (8) (2) 


where for any given wavelength, 1’(4) is given 
by equation (1), F, is the extraterrestrial flux 
of solar radiation taken from recent data. T. 
is the normal optical thickness of the slightly 


hazy atmosphere according to a_ realistic 
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Table 1. 


Pair No Film No Date (1951) 


19 23 June 
14 28 June 
29 28 June 
28 7 July 
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Noctilucent Clouds 


h (Approximate) 
10°5°-10°3 
10-7 
9 8 9 fy 


17:5 
19-6 


22-4 


Clear Sky 


22 June 
B 1s 2? June 
29 June 
D 28 June 


model’ and cscAé represents the usual “air 
mass” given by the secant of the zenith angle 
of the point of observation The quantity 
/.() on the left of equation (2) then represents 
the true normalized intensity (i.e. with uniform 
illumination at all wavelengths) of the scattered 
light from the noctilucent clouds that would be 
»bserved in the absence of the lower atmos- 
phere 


2.2. Analysis and interpretation of the spectra 


The values of /.(#) obtained by means of 


equations (1) and (2) are plotted logarithmically 
against the wavelength in Fig. 2, where for 
clarity the individual points of each pair, listed 


under 
without any 
Although the 


relative 


Table 1, are joined by straight lines 
attempt to fit smooth curves 
curves A, B, C, and D are in 
they are intercomparable since 
the same method of reduction was used 
throughout. As a guide, Fig. 2 also includes 
the straight dash lines representing the Rayleigh 
\~* law, multiplied by an arbitrary constant 
The most salient feature of the reduced spectra 
is that they all exhibit a higher intensity in the 
blue end than in the red end of the spectrum 
Furthermore, considering curves A, B, and C 
only, the intensity generally decreases with 
increasing apparent scattering angle 6. Thus, 
broadly speaking, the cloud particles show a 
scattering pattern similar to that given by the 
Rayleigh law, except that the _ intensity 
diminishes considerably more with scattering 
angle than indicated by this law 

On the basis of these few observations, it 
would appear that the particles are not strictly 


10-6 
10-¢ 
9 4°-9-) 
7:3 


speaking within the Rayleigh size range. How- 
ever, the spectra shown in Fig. 2 may not be 
comparable with each other because the 
scattered intensity is proportional to the number 
density of cloud particles in each case and this 
may have varied from day to day. Temporal 
variations in the optical thickness of the lower 
atmosphere would present a further compli- 
cation Barring such variations, we must 
assume that the noctilucent particles are of a 
size comparable to or slightly larger than the 
wavelength of visible light. For example, if 
we assume that the curve C corresponds to a 
true scattering angle of say 30° instead of 
21-5°, then according to the Mie theory of 
scattering by spherical dielectric particles of a 
real refractive index 1:33, the normalized 
intensity should decrease by a factor of 10 
between the angles of 17-5° and 30°, provided 
the radius a of the particle is such that 
2=a/A=6. From Fig. 2 we note that at 
\420me the intensity ratio is indeed 10:1 
between the curves A and C, and this would 
give a particle radius of 0-4» This is a 
reasonable estimate close to values proposed 
in the recent literature’, as well as an earlier 
estimate of 0-2 given by one of us”. It is 
interesting to note that the above mentioned 
anisotropy should decrease with decreasing 
values of 2=a/A, that is with increasing wave- 
length, and such a trend is also evident in 
Fig. 2 

A better explanation of the observed spectral 
intensity gradient, for example in the 430 to 
500m region (curve A), as well as of the 
angular anisotropy would perhaps result if, 
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Fig. 2 


ering angles ¢ (see text and Table 1.) 


instead of a constant radius, one were to assume 
a size spectrum in which the concentration of 
particles greatly increases with decreasing size. 

As for the increase in intensity beyond 
A600 mu shown in curves A and B of Fig. 2, 
this could be explained by the fact that we 
have not taken into account the filtering action 
of the atmosphere above 30km on the direct 
sunlight incident on the noctilucent clouds 
The normal optical thickness of this portion of 
the atmosphere is very small’, and it is 
governed by molecular scattering. However, 
it is not negligible in the present case, since 
parallel radiation grazing the 30 km level would 
be reduced to 78 per cent at A450 mu and to 
95 per cent at A650 mu of its original flux due 
to attenuation by scattering 

Another interesting feature of the plots in 
Fig. 2 is the fact that no minimum appears in 
the vicinity of A600 mu. This is the region of 
maximum absorption by ozone in the Chappuis 
bands. A calculation shows that if the nocti- 


lucent cloud is illuminated by direct sunlight 
passing through only 1|/4th of the total ozone 
content in the vertical, the light received at the 


Normalized extraterrestrial spectra of noctilucent clouds at various scatt- 


600 650 700 


ground at A600 mu should be reduced to about 
30 per cent of its original flux due to ozone 
absorption alone. This is based on a total 
ozone content of 24mm s.t.p. above the 
observer, and includes the absorption of the 
scattered light which must pass through the 
whole ozone layer. 

A consideration of the geometry of 
situation corresponding to curve B in Fig 
for which the clouds were about 400 km away 
from the observer according to the original 


the 


report shows that the point of closest 
approach to the earth of the illuminating solar 
rays was some 35km above sea level. The 


same applies to curve C. Since in neither of 
these curves is there an appreciable reduction 
at A600 mu, we must conclude that, during 
these observations at least, there was a 
negligible amount of ozone (much less than 
06mm s.t.p.) above 35km. This may be a 
significant result since very little is known about 
ozone variations during and after sunset, 
especially above the level of maximum concen- 
tration. Theoretical considerations seem to be 
of little help here (cf. recent articles by Bates 


149 
10 | A 
x 4) 
c 
1.0 
> 
D 
500 550 
A 


150 DIRAN DEIRMENDIIAN and E. H. VESTINE 


and by Nicolet ''’). One might tentatively con- 
clude that in the region where ozone is governed 
by photochemical equilibrium, say above 30 km, 
it disappears during the night. This of course 
must be checked by further observational and 
theoretical evidence. At any rate, the study of 
the continuous spectrum of noctilucent clouds 
would provide a rather sensitive tool in the 
investigation of night time ozone amounts and 
variations with height, on account of the long 
path of the incident solar radiation through the 
layers of interest 

Some remarks are in order regarding the 
irregularity in the continuous spectra of Fig. 2, 
especially those in curves C and D. Some of 
the maxima mentioned but not explained by 
Grishin™, in the vicinity of A423, 448, 463, 
500, and 635m» appear also in some of the 
curves of Fig. 2. Instead of these maxima we 
are inclined to consider the minima appearing 
around A428, 455, 558, and 645m» as more 
significant. In effect these might be explained 
if we remember that in our reduction we have 
subtracted the intensity spectrum of the clear 
night sky from that of the noctilucent clouds 


appearing on other nights at the same elevation 


angle. If the clear twilight and night sky has 
emission lines or bands at these wavelengths, 
Originating from atmospheric layers above the 
level of noctilucent clouds, one would expect 
minima in the resulting curves at the same 
wavelengths. The minima at A428 mz (curve 
C) are in the vicinity of the strongest Kaplan 
Vegard emission systems of N,“’ and the one at 
558 mz almost coincides with the auroral green 
line at ASS7-7 mu. The curve D in Fig. 1 shows 
negative values between A527 and 635 mu 
except at 5S8mu. This might be an indication 
that on this occasion (7 July 1951) the auroral 
green line was strong enough to penetrate the 
noctilucent clouds. Furthermore the broad 
minimum appearing in the green region of the 
spectrum could be attributed to a green con- 
tinuum in the twilight (scattered) light of the 
clear sky. 


2.3. Further remarks on the spectra 
The foregoing analysis shows that the spectra 
of noctilucent clouds can be explained primarily 


in terms of single scattering at small angles of 
direct sunlight falling on minute particles. 
The observed white or silvery color with the 
“reddening” closer to the horizon is clearly the 
result of the selective transmission of the under- 
lying atmosphere 

The relatively high luminosity of the clouds, 
despite their tenuous character, indicates that 
the particles are highly efficient, non-absorbing 
scatterers, composed entirely of, or coated by, a 
dielectric material. The angular distribution of 
the scattered light indicates a size comparable 
to the wavelength and a moderate index of 
refraction. Although the clouds are mostly 
visible at low elevations above the horizon, 
there are exceptions. For example according 
to Jesse’s observation of 19 July 1885, as quoted 
by Vestine’, the clouds were visible over the 
entire sky including the antisolar portion. 
Geometrically it is quite possible for direct 
sunlight passing above the 30km level to 
illuminate the noctilucent cloud level as far as 
17° above the antisolar horizon, provided the 
sun’s depression does not exceed 6°. There- 
fore the above mentioned observation cannot 
be discounted as an error of judgment. This 
means that the clouds can scatter with con- 
siderable intensity also at large angles or with 
90°, which supports the assumption that 
there must be large amounts of particles with 
a radius nu. The high degree of polari- 
zation reported in the literature’ * offers 
additional evidence of this. 

The constant height of 82 km found by most 
observers is of course significant. However, 
this does not necessarily mean that the clouds 
are concentrated in a thin layer at that altitude. 
According to theory, the amount of scattered 
light is, in the first approximation, determined 
by the optical thickness of the layer, that is the 
mass of scatterers in a unit column, regardless 
of the degree of concentration. The layer may 
thus occupy a depth of several kilometers and 
still appear as a reflecting surface at 82 km, and 
this should be considered as a virtual height of 
the clouds rather than the true height 

Additional information about the character 
of noctilucent clouds should become available 
from further spectro-photometric observations. 
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[he monochromatic optical thickness of the 
clouds at several wavelengths should be sought 
and this could be determined by star obser- 
vations through the clouds. Of particular 
interest would be any spectra taken from higher 
elevations above the main atmosphere, including 
the spectral attenuation through the clouds in 
a horizontal direction Additional ground 
observations similar to those discussed above, 
would be very helpful in a more detailed 
analysis, especially with regard to the angular 
distribution of the light from a given cloud, 
and simultaneous measurements of the degree 
of polarization 


3. ORIGIN OF NOCTILUCENT CLOUDS 


It has been noted above that the spectrum 
of the clouds provides interesting information 
respecting the nature of the particles in the 
clouds. Precise knowledge of the nature of 
the particles, if available, would of course be 
of high interest with regard to their possible 
origin. Unfortunately such precise information 
is not available but it was noted that one 
possibility worth considering is that the clouds 
are likely to consist of nuclei coated with a 
dielectric material such as water, possibly in 
droplet or hydroscopic form, or as ice, which 
might provide the observed scattering of sun- 
light. On the other hand, since the dielectric 
constant for silicaceous materials is not very 
different, dust particles of silicaceous com- 
position would also fit the data equally well. 
Since the particles exist on either side of the 
earth’s shadow, the temperature of particles 
may be different on either side of this shadow, 
which may be a factor of some interest in 
connection with attempting to decide whether 
the particles are ice-coated particles or dust 
particles. It is hence desirable to estimate the 
possible temperatures in the atmosphere 
acquired by particles of characteristic absorbti- 
vity z and emissivity <, (1) within the earth‘s 
shadow and (2) in sunlit regions. 

It is found experimentally that a value of 
bulk absorbtivity z=0-5 may be appropriate to 
many materials at modest temperatures. The 


emissivity, on the other hand, is harder to 
estimate usefully. 


For instance, it may vary 
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from 0-08 for clean metals, to 0-3 for average 
substances, to 0-8 for oxides or ice. In the 
temperature estimates use was made of typical 
curves giving the temperature of spinning 
spheres for various values of z/:'”. Also used 
were additional curves for the case when the 
particle is in darkness near the earth, and also 
for the case of direct sunlight, the albedo of 
the earth being taken here as about 0-5, which 
is high ordinarily but may serve in the infra- 
red. Actually the equilibrium temperature 
decreases with distance from the sun and also 
with increasing z/: on the dark side of a planet. 
Expressed otherwise if the temperature of space 
is taken as 7,,=279°K when 2/:=1-0. the 
temperature 7 for other values of z/< will be 
given by T=(2/<)''*T,. Using these consider- 
ations it is found that for oxide-coated particles 


or ice a suitable value may be roughly 
z/==(°625, in which case T =248°K in space, 


283°K near the earth in sunlight, and 166°K 
near the earth on the dark side. For average 
materials (2 |-7) these temperatures become 
roughly 7 =320°K in space, 360°K near the 
earth in sunlight, and 166°K near the earth on 
the dark side. For clean or polished surfaces 
a typical value of z/< is about 6-2, so that in 
space (at earth distance) T7=440°K, 490°K 
near the earth in sunlight, and 166°K near the 
earth on the dark side. It is reasonably clear 
therefore that even on the dark side near the 
earth it will be difficult to form a water deposit 


on particles above the level of noctilucent 
clouds. However, it would be desirable to 
examine the heating of small spheres of 


- diameter comparable with the wavelength, in 


order to estimate the thermal error in these 
initial approximations. 

The history of a cosmic particle contributing 
to the formation of noctilucent clouds is of 
course unknown. Since from the calculated 
radiation effects above the night temperature is 
about 166°K, the same as that of the upper 
atmospheric gas, there would obviously be no 
thermal changes due to the atmospheric gases 
in contact with the particle. In sunlight the 
particle may achieve a higher temperature, and 
of interest here is the fact that a particle drift- 
ing across the boundary of the earth’s shadow 
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may heat up at a certain rate with time, as it 
moves into the sunlit region. If this rate is 
very slow and if an ice coating had formed 
in the darkness, the particles might remain ice 
coated for some time. On the other hand, the 
particle would lose its ice coating if solar heating 
is communicated at a sufficiently rapid rate 

It is shown in treatises on the kinetic theory 
of gases that the energy communicated as heat 
to the particle by an atmospheric molecule 
colliding with it is of order 447 per second 
where & is Boltzmann's constant. If a is the 
radius of the particle its surface of cross-section 
is Of area 7a The number of molecules at 
&2km is about and if is the mean 
velocity of a molecule the total flux of energy 
to the particle is roughly mv (4k7) ~a* or about 
2 x 10-*za* ergs/sec or 

2x 10°* x 3x =6 « 10° a® ergs/sec. 
Since the flux of incident solar radiation is about 
10° ergs /cm* sec, the temperature of the particle 
should be about the same as that of the local 
atmosphere in which it is suspended. But less 
than 1Skm above, at 95km, the influence of 
radiation alone may be dominant. 

At any rate as Ludlam'”? has noted, it is 
difficult to deposit water vapour in significant 
amounts in cloud form at these levels. The 
warming action of sunlight, at least at higher 
levels, will accentuate these difficulties, and 
make the hypothesis of dust particles the more 
likely one. The latter, incidentally, is the 
simplest hypothesis since particles of the sizes 
we have mentioned are needed in any case as 
nuclei for the deposit of water vapour. Since 
particles of size Olu to O04, radius are 
ordinarily needed as nuclei in order to form a 
cloud ascribed to water vapour, these nuclei 
alone would collectively appear as a cloud of 
the same number density of particles per unit 
volume. Moreover, from the scattering con- 
siderations indicated above it is clear that a 
cloud of cosmic or other dust needed to form 
nuclei could be seen just about as readily as 
would these nuclei coated with ice. For the 
foregoing reasons the discussion of temperature 
of these nuclei, though interesting, is probably 
largely academic 

The vapour pressure of ice at 


107°C is so 


low that it would take a long time for a film 
of water to evaporate off a droplet at a pressure 
of about 10-° atm. Conversely, it would also 
take a long time for condensation to take place. 
Hence it appears likely that if the clouds consist 
of dust particles, they will be mainly of 
silicaceous or similar dielectric composition, as 
inferred from the optical properties. But if 
the particles are metallic, for example, an ice 
coating would provide suitable dielectric action. 
In an earlier paper one of us has suggested that 
a cosmic origin of such particles is likely”. A 
water source from comets may be possible, as 
well as a supply of dust from meteoric streams. 

In this connection it is interesting to note 
that an analysis of recent spectra of the Martian 
atmosphere during the blue clearing, obtained 
by A. G. Wilson’, shows certain similarities 
with those of noctilucent clouds. In particular 
these spectra, after reduction, show a maximum 
intensity in the blue region and generally 
resemble those of noctilucent clouds, except 
that the positions of the secondary maxima and 
minima are reversed. Assuming that particles 
of the same size and nature are responsible for 


both types of spectra, this reversal is reasonable 
in view of the fact that the Martian spectra 
represent back-scattered sunlight whereas the 
terrestrial cloud spectra correspond to scatter- 


ing in the forward direction. This may be the 
first indication of the existence of haze layers 
of the same interplanetary origin existing in 
the atmosphere of both planets. 

It will also be noted that except for particles 
very near the sun, which might have an iron 
content and subsequently cool, it will be 
unlikely that the particles will become magnetic 
on cooling through the curie point in the 
geomagnetic field. The temperatures estimated 
are too low for this to happen ordinarily. 
Although it seems likely that some magnetized 
dust particles may preferentially enter the 
terrestrial polar regions, there appears to be no 
evidence that the geomagnetic field exerts an 
important diverting influence upon such 
particles. 
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Abstract—-An experiment detecting 


greater than 10'* eV is being conducted at Chacaltaya 
ited at least by 20 m 


latitude 16° S) with counter trays separ 


anistropy of about 1°6 per cent with the time of 


December 


extensive air showers 


1958) 
responding to primary energies 
(Elevation 5220 m; geographic 
[here 1S eV 
it 1400 LST (1 


Bolivia 
idence of a sidereal 


maximum ocal Sidereal Time). 


The barometric coefficient is discussed in connection with the absorption curve for extensive 


showers 


1. INTRODUCTION 

The cosmic ray intensity measured by instru- 
ments installed on a fixed point on the earth 
may indicate a variation due to the fact that, 
as the earth rotates on its axis, the instruments 
point to different parts of the interstellar space. 
Studies made over the past few years of data 
obtained with instruments responding to 
primary cosmic rays of low and medium 
energies have shown a significant variation of 
intensity with solar time, while the intensity 
appears to be almost constant over a sidereal 
day. These facts have been generally inter- 
preted in the sense that the solar variation 
arises partly due to terrestrial atmospheric 
changes following solar time, and partly due to 
the diverse electro-magnetic structure of the 
interplanetary space in different directions. The 
high degree of isotropy in sidereal time could 
then be due to the large scattering of primaries 
while they pass through the magnetic fields in 
the interplanetary space; thus, these particles 
would lose completely all correlation with their 
original directions. All this would suggest that, 
if there is anisotropic distribution of primary 
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cosmic radiation in our galaxy, it could only 
be detected by measuring high energy cosmic 
rays, which would only be slightly affected by 
the magnetic fields in the earth’s neighbour- 
hood. A study of the sidereal time variation 


is therefore related to the search for a galactic 
anisotropy in the primary cosmic radiation. 


In the energy range from 10 to 10° eV, 
measurements made in the northern hemisphere 
by Hodson’ indicated an amplitude of 
(1-15+0-61) per cent with a maximum at 2330 
LST (Local Sidereal Time) while Daudin and 
Daudin”, whose measurements were more 
precise, reported several variations, but all with 
negligible amplitudes, suggesting that it would 
always be difficult to separate them from the 
atmospheric effects. With energies about 
10'°eV, Cranshaw and Galbraith” first found 
an amplitude of (4-°9+1-5) per cent with maxi- 
mum at 1030 LST, but their later results are in 
contradiction with the earlier ones, so that the 
total data do not show any significant variation. 
This removes the discrepancy that appeared 
between the earlier results of both Daudin and 
Daudin™® and Cranshaw and Galbraith”’, both 
experiments having been conducted at the same 
latitude. 

In the Southern hemisphere, Farley and 
Storey” in the beginning reported an amplitude 
of (1:5+0-23) per cent with the maximum at 
1700 LST. However, their later results also 
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failed to confirm the earlier ones, thus indicating 
A recent report 
a variation of 
maximum at 
not be said to be 


negligible sidereal variation 
by Ch ipman and Ryder”*’ shows 
(0-88 + 0-65) 
1700 LST 
sionificant 

It is to be noted 
Hodson, Daudin 
Stor ch th 


per vent with the 


which can also 


that in 1956 


the results of 
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maximum intensity 


Daudin ind 


racaltava 
raphic Lati 
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2. EXPERIMENTAI 


I he sensitive 


ARRANGEMENT* 


part of the equipment consists 


4 trays of GM counters placed in a horizontal 
Travs |, and 


is shown in Fie | 


consist of & counters each. while trav IV has 


onlv two All counters are ! in 
in leneth with brass walls 
filled with a mixture of 


petroleum ether and argon (composition ratio 


counters 


diameter and 22 in 


0-02 in. thick and ire 


* The complete details of the equipment and its 
operation § are described in Resumen le Lahbhores 


1956-1957 U.M.S.A.-C.B.P.F. publication 
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1: 10) to a total pressure of 8-4 cm Hg. The 
counters in each tray are connected in parallel 
making the sensitive area 1136 cm* for each of 
the first three trays and 284 cm* for the fourth 


wie 


al arrangement 


ind Ill are main 


housed in the 
building where the temperature 
22°. while the 


yutside in thermally 


Trave If 
laboratory 
changes from 17° to other two 

insulated 
controlled 


first two 


ire placed 


hose 


inside 
Above the 
of absorbing material 


hovec temper iture ts 
trays 


while 


thsorbing material 


thermostatically 
there is 3 ¢ 


the last tw 


cm 

» have 
ver them and are placed on the mountain side 
wf 28 The trays are in a 


negligible 


which has a sl ype 
horizontal position 

Threefold coincidences between trays 1, I, 
ind IIL and fourfold coincidences are registered 
The time of the coin- 
cidence circuit is than 3 us. The single 
tray rates of the first three trays are of the 
order of 7,200 counts/min, and the threefold 
and fourfold coincidences give about 340 and 
counts/hr, respectively The accidental 
coincidences for the threefold are of the order 
of 3 counts / hr and for the fourfold coincidences 
0-04 counts/hr. Each coincidence output is 
registered by two separate recorders, one of 
which self-clears every hour: in addition, the 


separately resolving 


less 
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erhead of the galactic plane. The galacti 
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the al mentioned experiments were con "9 
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In these facts experim ‘nt was 
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counting rates of trays | and Il are monitored 
All the mechanical recorders are 
photographed every hour together with two 
| thermometer indicating the temper- 


continuously 


altimeters 


ature of the instruments room, and a 24 hr 
electric clock which is driven by a frequency 

indard together with the timer which triggers 
the camera control circuit 


f all the travs are checked 
vhile a quick check of the 


Counting rates 


five times a week 


hole equipment is done from the hourly rates 
f triple and fourfold coincidence: The oper- 
iting points of each counter are checked every 
< id day nd if mecessary adjusted 


Approximately once a month, a general check 


f the operating conditions of the <quipment 1s 
made. In the beginning, failures of the main 
power sour shut down the whole equipment 


inual restart This caused the loss 
if data Later on 


cchanism was provided 


requiring m 
in automatic 


hich 
the unit after a power failure 


hours 


recon- 


reset 


3. SELECTION OF THE DATA 


Ihe data were rigorously selected. First it 
made sure that the information corres- 
ponded to periods when all the equipment was 
This determined 
mainly from the log book notes. Another check 
was provided by the level of counting of the 
all the data were rejected for 


was 


operating normally was 


monitored trays 
those hours during which any recorder showed 
large departures from the statistical fluctuations 
Thus, whenever there was doubt of the 
reliability of the data there was a 
factor which could have falsely affected the 
diurnal variation of intensity, the information 
was rejected. Only after this selection had been 
made did the statistical analysis follow 

It has been mentioned earlier that out of 18 
months of ynly 230 days were used 
Five months, or 150 days, of data were rejected 
outright They considered unreliable 
since replacement counters were not available 
when needed. Furthermore, a total of 50 days 
was lost because of photographic registration 
difficulties. The balance of lost information 
corresponds to days when the equipment was 


any 


or when 


operat 


were 
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checked, main power failures, and the critical 
data selection described in the previous para- 
graph 

Although the data were read every hour, only 


two-hourly intensities were used to facilitate 
Col tation [his also permitted the use of 
the instantaneous p ire values of the hours 
yn which tl ntensities were centered. 
4. DISCUSSION 
nerg! the primary cosmic rays 
¢ hower hich produce the 
h f r d neces were 
f 
Th i re found to be 5x 10"* and 
2 f he threefold and fourfold coin- 
cidences respectively 


5 4 
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Fig. 2 Diurnal variation in solar time without 
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J 
v. f \ 
| / 
nec ! ‘ 
\ 
re \ 
a 
+ 2 
\ \ 
- 
© + 
y 
4 
” 
~ / \ 
x 
\ 
\ 
\ \ 
\ 
5 \ 
\ 
: 


158 


I. ESCOBAR V.., 


Table. 1 
Corresponding Pressure Variation on Solar Time. 


I 


Amplitude 


oincidences 


Fig. 2 
threefold 
the corresponding pressure plotted against Local 


shows the uncorrected variation of 
and fourfold coincidences as well as 


Standard Solar Time. The pressure is expressed 
in feet of altitude given by the mean reading of 
two aircraft altimeters At the altitude of 
Chacaltaya, 608 ft of altitude variation are 
equivalent to a pressure change of | cm Hg 

It can be seen from Fig. 2 that there exists a 
very good correlation between cosmic ray vari- 
ation and pressure variation. The harmonic 
components of these variations are expressed 
on harmonic dials in Fig. 3 and Table 1. Con- 
sidering the phases of these components, cosmic 
ray and pressure variation vectors are very well 
correlated, but there does not exist a unique 
relation between them. If the second harmonic 


of the cosmic ray intensity variation arises due 
to that of the pressure variation only, the first 
harmonic of the pressure variation is too small 
to account for that of the cosmic ray variation 
On the other hand, if the first harmonic 


vector 


Bir 
Ist. harmonic vectors 


Fig. 3. 
P,, P,.—pressure 
vectors. 
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First and Second Harmonic Coefficients of 3-fold, 4-fold Coincidences and the 


irst harmonic 


Angle of maximum 


vectors ; 


Second harmonic 


Amplitude Angle of maximum 


of the cosmic ray variation is supposed to arise 
completely due to that of the pressure variation, 
there will be a large residual second harmonic 
whose cause would be rather difficult to ascer- 
tain. Furthermore, there is no known cause, 
except semi-diurnal oscillations of pressure, 
which can give rise to a large semi-diurnal 
component in cosmic ray variation, whereas the 
first harmonic can arise from a diurnal temper- 
ature variation. We therefore assumed that the 
second harmonic in the variation of threefold 
and fourfold coincidences arises only because 
of that of pressure variation, between which 
the correlation is greater than 0°96, and the 
following equation was used: 
B CR, 100/P, cos @ 
where B= pressure coefficient 
CR,=amplitude of second harmonic cos- 
mic ray intensity vector 
P,=amplitude of second harmonic pres- 
sure vector (cm Hg) 
§=angle between CR, and —P.,,. 


2nd. harmonic vectors 


60° W mean solar time harmonic dials. 


3, 4—coincidence 


‘ 
-fold 0-38 78 051% + 137 
<2 4-fold coincidences 86 (34 129 
4 Pressure for 3-fold as ft 43 28-5 ft 147 
a Pressure for 4 fold R4) ft 46 9 ft 140 
“a 
a 
. 
= = he 
\ 
\ &e | 
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The coefficients thus obtained are the follow- 
ing: 
For 3-fold coincidences 
(— 11-05 +2°38) per cent /cm Hg 
For 4-fold coincidences 
(— 7-08 +3-96) per cent/cm Hg 
A check was made of these coefficients by 
using the least squares method on the total 
intensity and pressure curves. This method 
vielded the results given below: 


For 3-fold coincidences 

(— 10-75 + 2-85) per cent /cm Hg 
For 4-fold coincidences 

(— 7-95 +3-70) per cent/cm Hg 


It can be seen that, within the experimental 
errors, both results agree. As it was felt that 
the assumptions of the first method are more 
justified in the present case, the results thus 
obtained were used in the calculations to follow. 

Considering the experimental errors, our 
results are also consistent with those found by 
other workers.°~* Furthermore, from the 
experimental absorption curve given by 
Greisen’, to which our fourfold coincidence 
geometry corresponds, we expect a 15 per cent 
reduction in the pressure coefficient of the 
fourfold coincidence variation. Although the 
experimental errors do not allow the confir- 
mation of these results, the nature of the curves 
given in Fig. 2, showing an extremely good 
correlation between pressure and cosmic ray 
intensity, gives a strong indication that the lower 
coefficient observed in the fourfold coincidence 
variation may have genuine significance 


5. SIDEREAL VARIATION 


Since the intensities were averaged over two 
hour intervals, it was impossible to convert the 


data to sidereal time every day. Hence the 
monthly averages, corrected for pressure, were 
shifted by two hours every month starting from 
September so as to obtain every month’s data 
in terms of Local Standard Sidereal Time. This 
procedure smoothed the sidereal variation but 
this effect was corrected in the final value by 
the method suggested by Chapman and 
Bartels'”. 
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Fig. 4 (full line curves) shows the sidereal 
variation of threefold and fourfold coincidences 
obtained after correction for pressure only. 
Since all the fourfold coincidences were regis- 
tered threefold coincidences, it was 
deemed interesting to remove the contribution 
of these events from the threefold coincidences. 
rhe dotted curve in Fig. 4 (a) shows the time 
variation of the events that were responsible 
for threefold but not for fourfold coincidences 
Thus it appears that the sidereal variation of 
primaries in the range of 5 x 10"* to 2x 10" eV 
is extremely small and could be considered as 
negligible within our statistical errors. We have, 
therefore, concentrated our attention to the 
fourfold variation only in further investigation 
on sidereal time. 
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Fig. 4. Diurnal in sidereal time. 

(a) — with pressure corrections only ; 
—-—-— fourfold contribution subtracted ; 

(b) ————— with pressure correction only ; 


—-.—.— with all corrections. 
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The solar component may have a seasonal 
modulation. This, together with the necessarily 
incomplete meteorological correction, may give 
rise to an apparent sidereal variation. In order 
to correct for these effects, the method described 
by Farley and Storey’ has been used. Fig. 
4 (b), dotted curve, shows the resulting vari- 
ation of fourfold coincidences after effecting this 
correction and the correction for the smoothing 
effect mentioned earlier. As can be seen from 
this curve, there appears to be a sidereal vari- 
ation in the fourfold coincidences with a maxi- 
mum of 1-6 per cent at 1430 Local Standard 
Sidereal Time (LSST), that is, 1400 Local 
Sidereal Time (LST).* The harmonic coeffi- 
from which this curve arises are the 
following: 


cients 


Hour of 
maximum 


LS! 


Hour of 
maximum 
LSS] 


Har- 
mplitude 
monic 


() 28) 906 


17°37 


?-17+0°72 


Ist (1-104 96 


(71 


16:84 
2nd 1:10+0°72 

The time of maximum of the first harmonic 
at about 1700 LST, together with the large 
second harmonic, would be quite consistent 
with the interpretation of Davis’ in which he 
suggests the possibility of a sidereal anisotropy 
arising both by the acceleration of cosmic rays 
by the Fermi mechanism and by the inhomo- 
geneities in cosmic ray densities normal to the 
interstellar magnetic field lines. However, the 
fact that isotropy is found in the range of 
primaries of energies from 5 = 10"* to 10" 


* Local Standard Sidereal Time =UST—4-000 hr: 
Local Sidereal Time = UST — 4-533 hr. The difference 
arises from the fact that Local Standard Sidereal Time 
is 60° W time, while Chacaltaya is located at 68° W. 
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eV implies that the sidereal anisotropy exists 
only in energies higher than 2 10'° eV and 
this is difficult to explain in terms of the present 


theories 


6 CONCLUSION 

The barometric coefficient of the extensive air 
showers at an altitude of 5:-220m near the 
equator was found to be (— 11-05 +2°-38) per 
cent/cm Hg and ( —7-08 + 3-96) per cent /cm Hg 
for two different geometries responding to 
primary energies of 5 eV and 2 eV, 
rhe latter coefficient is suggestive 
of a smaller value than that found for those 
energies at intermediate latitudes and at sea 
level. In the energy range above 2x 10'° eV 


respectively 


there appears to be a sidereal variation of about 
1-6 per cent with maximum at about 1400 LST. 
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Abstract—-As a result of ar 


1958 at sunset, data were obtained which led to conclusions 
tric oxide and molecular oxygen in the 
The technique used was that of absorption 


mounted in a biaxial pointing control, w 


were obtained 


It was determined that the concentration of nitric oxide in 
The molecular oxygen concentration in the same region was 


cannot exceed 10° molecules/cm 


found to be essentially the same a 


itmosphere, below 90 km does not change with height 
A comment is made concerning the solar continuum and solar Lyman-z radiation 


1. INTRODUCTION 

The fact that nitric oxide exists in the upper 
atmosphere and that it plays an important role 
in the formation of the D-layer is, today, quite 
well accepted by those who are engaged in the 
study of the Earth’s atmosphere. 

In 1939, Kaplan’? suggested, based on his 
laboratory study of nitrogen afterglow, that 
nitric oxide bands are present in the light of the 
night sky but are not observed because of 
absorption by ozone. Soon after, Elvey’” 
showed coincidences between bands in the 
spectrum of the night sky and nitric oxide 
bands; and Price®’ discussed processes that 
could lead to the production of nitric oxide in 
the upper atmosphere. 

In 1945, Nicolet'*’ suggested that the ioni- 
zation below 100km, which is the D-region, 
could be explained by photoionization of nitric 
oxide by solar radiation. From that time there 
has been increased interest in the importance of 
nitric oxide in the upper atmospheric pheno- 
mena. Bates’ has presented theoretical argu- 


ments showing how nitric oxide could be formed 
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ocket-borne experiment performed in New Mexico on 18 March 


concerning the concentrations of 


Ititude range 60 to 87 km 


A speci illy designed spectrograph, 


Rocket. Seven spectrograms 


Aecrobee 


the altitude interval 63 to 87 km 


derived from the assumption that the composition of the 


in the D-region, why it must be a constituent of 
the atmosphere at those altitudes, and specu- 
lating as to its concentration and distributior 


in the upper atmosphere. Nicolet’*-* has 
given additional theoretical support to his 
original suggestion’? while Watanabe” and 
others presented laboratory results on the 


ionization cross-section of nitric oxide which 
support the theory that the observed electron 
density in the D-region is produced by the 
process 
NO + Av (Lyman-z) > NO*+ +e 

However, to this time, no direct determination 
of the presence of nitric oxide in the upper 
atmosphere has been made and its concentration 
and distribution remain uncertain. Mitra”® 
has presented tentative models of equilibrium 
height distribution of nitric oxide in which he 
states the concentration of nitric oxide to be of 
the order of 10° molecules/cm* at 90km and 
10'*/cm* at 82km. Nicolet'’:*) has stated that 
the nitric oxide concentration is considerably 
less, of the order of 10° molecules/cm* at 80 km 
and 10°/cm* at 65 km. 
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In 1949, Durand” and others, reporting on 
solar spectra obtained from a rocket, stated that 
broad absorption observed at approximately 
2264 A might be caused by atmospheric nitric 


oxide. Later, Johnson''* and others, reporting 
on additional solar spectrograms obtained from 
rockets, withdrew the earlier suggestion and 
stated there no evidence of nitric oxide 
absorption occurring either in the terrestrial or 
solar atmosphere. Nicolet’ interpreted the 
results in Johnson's paper as setting the upper 


was 


limit of nitric oxide concentration at 10’ 
molecules /cm’. In 1952. Migeotte and 
Nevan using infrared absorption techniques 


from a European mountain top, were unable 
to detect absorption by atmospheric nitric oxide, 
and they set an upper limit of 0-02 cm (n.t.p.) 
for the nitric oxide concentration, which is 
equivalent to 5x 10°’ molecules/cm*-column. 
In 1953, Byram” and others, reporting on the 
results of a rocket experiment concerned with 
Lyman-2 radiation in the solar spectrum, stated 
that the concentration of nitric oxide above 
75 km not exceed an upper limit of 
0-007 cm (n.t.p.) 


does 


In addition, in rocket experiments for the 
purpose of determining the composition of the 
upper atmosphere by mass spectrometer tech- 
niques, nitric oxide ions have been reported as 
found over an extremely large altitude range 
(but no quantitative results have been stated) 
Johnson''*’ reported ions of mass number 30 
(nitric oxide?) recorded between 100 and 200 
km. And, in the “Soviet Bloc IGY Infor- 
mation”? it is stated that data obtained 
between the altitudes of 105 and 206km 
indicate that ions of mass number 30 pre- 
dominate and are presumed to be nitric oxide 
ions. In our opinion, until more positive 
evidence is available, the detection of nitric 
oxide ions in the upper atmosphere by mass 
spectrometer techniques from rockets should be 
accepted with reservation because of the possi- 
bility of contamination of the atmosphere, at 
least in the vicinity of the measuring instru- 
mentation, by nitric oxide from the rocket 
engine, fuel and combustion products,’’’ and 
because of the possibility of the formation of 
NO within the measuring instrumentation. 
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It has been our purpose, in the present 
experiment, to attempt to detect the presence 
of nitric oxide in the altitude range 60 to 90 km 
and to possibly determine its concentration or 
to set an upper limit on that concentration by 
means of absorption spectroscopy in the vacuum 
ultra-violet region 

his experiment has been a part of the official 
IGY effort. 


2. EXPERIMENTAL 


The technique used in this attempt to make 
a direct determination of the NO concentration 
was that of absorption spectroscopy in the 
vacuum ultra-violet region. We have used this 
technique extensively in the laboratory to study 
the structure of various gas molecules such as 
N.. O.. H.. NO, NO., N.O, CO, and others, 
and, consequently, are quite familiar with the 
absorption spectrum of NO. In the present 
case, the sun was used to provide the back- 
ground radiation, the atmosphere the 
absorbing medium and the rocket spectrograph 
the recording instrument. 


was 


2.1. Field 

The experiment was performed at sunset. 
This permitted the use of long atmospheric 
pathlength while still maintaining the condition 
that only radiation passing through layers 
above, and including the one in which the 
instrument is located, is recorded at any given 
moment. A maximum atmospheric pathlength 
was considered to be necessary because of the 
low concentration of NO assumed to exist at 
those altitudes 

The rocket spectrograph used in this experi- 
ment is similar to one previously described.''*’ 
It is shown with the covers off in Fig. 1 with 
the pencil pointing at the film cassette. It is 
basically a concave grating instrument utilizing 
a 40cm radius of curvature, 600 grooves/mm 
replica grating with a ruled area of approxi- 
mately 2x4cm. The instrument is 22 in. long, 
8} in. wide and 4 in. deep. It is extensively 
baffled throughout to eliminate stray and 
reflected light and to allow for the use of a 
relatively large air evacuation port at the rear. 
The slit, | cm in height, was set at a width of 
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Fig. 2. Spectrograms obtained during rocket flight. Seven spectrograms obtained between the altitudes of 
62.6 and 87:1 km are shown. The Schumann-Runge absorption bands of atmospheric O, are identified as 


are a solar emission line at 1892.4 A and two strong solar absorption lines at 2026 A and 2124 A 


65.1-71.3 km 


73.8-739 km 


81.0-85.4 km 
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Fig. 3. Rocket-flight spectrograms. The well defined rotational structure in the atmospheric O, Schumann 
-Runge absorption bands shows the relatively good resolution obtained in the spectrograms from the rocket 


> 
96 7 § 
| 
| | 
| 
q 
N 


—— 7(6,8) 


NO-100u 


Oo, - 4.0 cm 


NO-1004 
Og 8.0cm ne 


NO-!00u4 
O, 16 Ocm 


NO-!00y4 
O, - 32.0 cm 


NO-100m 
O, - 64.0 cm 


0, - 64.0 cm 


0, $-R 


Fig. 4. Laboratory spectrograms. Superimposed absorption spectra of NO at 100. pressure with O, at 
various pressures as obtained in the laboratory 
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15 « for this experiment. Seven strips of film, 
in. x 2} in., were mounted in slots on a drum 
which was enclosed in an armoured cassette 
The wavelength region covered approximately 
1000 to 3000 A. The film was SWR type which 
we use regularly in the laboratory 

One of the major problems in solar spectro- 
scopy from rockets has been, and is, that of 
scattered light (longer A) from the grating sur- 
face. In lieu of undertaking a research project 
in grating rulings and their effects on scattered 
light, we investigated several reflecting materials 
As a result 
the 


© 


as coatings for the grating surface 
of those the grating we 
experiment coated with 

Although this coating did not solve the scattered 
light problem completely, it did help noticeably 
by reducing the reflected visible and near ultra- 
violet radiation and by showing an improve- 
ment in reflectivity in the 2000A region and 
below when compared with an aluminium 
coating. Our purpose, in this case, was to 
choose a reflecting material which would allow 
for a sufficient exposure time without intro- 
ducing any apparent scattered light in the 
wavelength region of interest. This was 
accomplished in the present experiment with a 
Ge coated grating and exposure times of four 
seconds. 

The spectrograph was oriented at the sun 
during the rocket flight by a biaxial pointing 
control which is a photoelectric servo-mechan- 
ism. This devicet has been used successfully 
in solar spectroscopy experiments from rockets 
for several years. The rocket was a standard 
or relatively low altitude Aerobee, AF 10-25 

USAF Aerobee number 93 was launched at 
the Holloman Missile Development Center in 
New Mexico (32° 53’ N, 106° 08’ W) at 1812 hr 
(2 min before sunset) on 18 March 1958. The 
rocket flight was normal and well behaved. 
The pointing control functioned well as did the 
spectrograph. The first exposure began at 


used in 
germanium 


tests. 


was 


X +75 sec and the seventh, and final, exposure 
ended at +115 sec. Recovery was by para- 


* Experimental coatings were produced for us by 
Mr. Max Troesch. 


+ developed by the University of Colorado for the 


AFCRC. 
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chute and all equipment was recovered in 
excellent condition The SWR film was 
developed, four hours after rocket launching, 
in ice-cooled D-19, which was diluted 4-1, for 
2 min 

Fig. 2 shows enlargements of the seven 
spectrograms, the altitudes at which they were 
obtained and the exposure times of each. The 
spectrograms are composed of the Fraunhofer 
absorption spectrum superimposed with the 
Schumann—Runge absorption bands of atmos- 
pheric O Because the resolution was very 
good, as evidenced by the rotational structure 
in the O, bands, Fig. 3, we were able to make 
a thorough analysis of the spectrograms. 

2.2. Laboratory 

In order to estimate the NO concentration in 
atmosphere, we took absorption 
f NO, O, and (NO+O.) under 
various conditions in the laboratory, with the 
same spectrograph used in the flight, prior to the 
actual flight. Because the recovery was perfect, 
this work was repeated again after the flight 
[he spectrograms taken in this laboratory work 
were used as a reference for evaluation of the 
flight spectrograms. 

We set up a system with the hydrogen 
continuum as a source, an absorption cell of 
19-Scm length fitted with lithium fluoride 
windows for NO, and a vacuum chamber to 
contain the rocket spectrograph and to act as 
an absorption “‘cell’’ of 94-4cm pathlength for 
O,. The pressures in the cell and in the tank 
were measured with a McLeod Gauge before 
and after each exposure. The ranges of pressure 
were 0-1 to 76cm Hg for O, and 1-0 to 500 
for NO. The exposure times were about four 
minutes. A closed system was adopted for the 
absorption cell, and we did not notice any 
change of pressure between readings before and 
after the exposures. The minimum pressure of 
NO at which the 46(0,0) band was detectable 
with the rocket spectrograph without O, present 
was 3. (Although there is a possibility that 
there was photo-decomposition of some of the 
NO in such a closed system, we feel that this 
effect was negligible mainly because of the weak 
laboratory light source which we used. In 
addition, if such decomposition were present, 


the 
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then our instrument was capable of detecting 
less NO than we believed to be the case.) How- 
ever, for convenience and ease of analysis, we 
did not take superimposed spectra at this 
extreme limit of detectability, but we held the 
NO pressure constant at 20 « while varying the 
O, pressure over the range |!mm to 73cm 
Fig. 4 shows a series of additional spectra taken 
with the NO at 100 and with various O 
pressures in the tank. 
3. RESULTS AND DISCUSSION 

3.1 Nitric oxide 

NO has several band systems, 2, y, 4, ¢, ete., 
that appear in absorption in the vacuum ultra- 
violet region, '*’ but, as may be seen in Table 1, 
only a few relatively strong bands fall in the 
wavelength region 1800-2100A. We chose 
that region in which to work because, first, the 
solar continuum provides sufficient radiation for 
absorption studies and, second, that region in 


Table 1. NO Absorption Band 
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the solar spectrum is least cluttered with solar 
absorption lines. The strongest NO bands 
which fall in this wavelength region are the 
4(0,0), 6(1, 0), y (4,0) and y (5, 0) (see Table 1). 
However, for the purpose of our experiment, 
only one band, the 6(0,0), is appropriately 
situated with respect to a Schumann—Runge 
absorption band to allow for a meaningful 
analysis; the other bands mentioned are very 
strongly masked by the S-R bands and are not 
detectable when the quantity of O, present is 
such as that which we encountered in the upper 
atmosphere 

The band at approximately 2264A which 
Durand''’ and others mentioned is the relatively 
weak  7(0,0) with heads at 22694A and 
2262°8 A, and it falls in a region of relatively 
strong Fraunhofer absorption which makes its 
detection difficult unless the NO concentration 
is considerable. Certainly, if any of the bands 
in this region appeared and were detectable, the 


s in the Region: 1800-2100 A 


bands y-bands bands 


Absor pt 


coefficient 


(A) (A) 
2062°5 ! 2, 2053 

2052 
2024°2! 248 
2020 2047 
1ORS 1961 
198] 1960 
1948-2 1957 
1945 1956 
1913-6 1882 
1910-2 1880 


* Absorption (A) * Absorption 
coefficient coefficient 
7 1914-9] 21 
1913-88 
1910-33 
1909-45 
1833-67 
1832-59 
1829-46 
1828-63 


+E-bands 


1879 1877:2 


1877-00 1876 
1848-08 1804 
1845-48 1803 
1817°57 1800 


1881-63 


38 1880°77 


50 1877°26 


3 1876-60 


1815-10 1799-60 1804-34 


All the wavelength data were obtained from ref. (20) 
* This is the value estimated in Fig. 2 in the paper 


+ These are values observed in emission. The two (0. 


respectively 


1803-51 
1800-26 
1799-58 


by F. F. Maro, J. Opt. Amer. 43, 1186 (1953), 
0) and (1,0), superimpose with the »(4,0), and (5,0). 
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(0,0), with four heads: P,, — 1909-45 A, 
P,.-1910-33 A, P,,-1913-88 A, P,,-1914-91 A, 
should appear. 

First we determined exactly what effect the 
(0,0) band of NO would have on the appear- 
ance of the (5,0) band (A 1902-49 A) of 
the S-R system with which it coincides when 
the spectra are superimposed. Fig. 5 shows the 
relative positions of the heads of the 4 (0,0) and 
the rotational lines of the S-R (5,0) band 
It can be seen, because the 4(0,0) shades to 
shorter wavelengths, that the rotational lines 
P(17), of the (5,0) 
band will be most noticeably affected because 
f the proximity of the P,, head of the 4 (0,0) 


hand (Av =3-0cm~')*. Also affected, but not 
to so large a degree, will be the rotational lines 
P(21); R19) =§2271-2cm by the P, 
branch (Av=21-4cm™')*; this is noticeable 
ymly at relatively higher pressures of NO 
Because the rotational structure of the NO 


bands was not resolved, the effect in the super- 
imposed spectra is an increase in the intensity 
f absorption and a broadening of the rotational 
lines of O, involved. 


* The Av represents the separation between the 
head of the P-branches of the 4 (0. 0) and the rotational 
lines affected by those branches Actually, the 
rotational structure of the 5-bands was not resolved 
because of its close spacing. The closest lines to 
P(17), ROS) and P(19) are, respectively, P, 
64)= 523734 cm and (184)=52373-4 cm 
ind (124)=52272:1 cm~-'!, (44)=52270-0cm 
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By studying microphotometer tracings of the 
spectra concerned, we were able to establish 
limits of detectability of NO absorption when 
superimposed with O, absorption for the same 
instrumentation which we used in the rocket 
experiment. With 20. pressure in the NO 
absorption cell, which corresponds to a con- 
centration of 1:38 x molecules /cm*-column, 
we were still able to detect clearly the small 
effect of the 4(0,0) band on the rotational lines 
P(17), RS) of the (5,0) band in the S-R 
absorption produced by the O, pressure of 
8cm in the tank or 2°67 x 10°° molecules /cm’- 
column. At O, pressures of less than 8 cm, the 
effect of the NO absorption was much more 
pronounced. When the NO pressure was 
maintained at 100” or molecules/ 
cm*-column, we could detect clearly the same 
effect even at an O, pressure of 64cm or 
molecules /cm*-column. At O, 
pressures of less than 64 cm, the effect was very 
noticeable. 

Fig. 6 shows microphotometer tracings of 
three of the spectra obtained in the rocket flight 
compared with laboratory spectra of NO and 
O, absorption superimposed and with O, 
absorption spectra. In the figure, “=” repre- 
sents the rotational lines P(17), R(15) in the 
(5,0) S-R band, “O” the rotational lines P (19), 
R(17), and “A” the rotational lines P (21), 
R (19). * is most noticeably affected when 
NO is present. “‘A” is also noticeably affected 
but only when the pressure of NO is consider- 
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Fine structure of O, Schumann-Runge 
band 5,0 superimposed with NO #6 (0,0) band 
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ably higher than that required to produce an 
effect on (by higher pressure, we mean 


6°9 x 10°* molecules/cm*-column in our experi- 
ment). “O” is not affected in appearance by 
the 6(0,0) band, but it shows an anomaly in 


the traces of 
superimposed with 


the flight spectra because it is 
an absorption line in the 


solar spectrum. “E”’ is the solar emission line 

IS924A nd “S” is strong absorp- 
tion '* in the solar spectrum 

In none of our flight spectrograms could we 
find an intensity anomaly in the rotation line 
P(17), R(5) of the (5,0) S-R band which 
could compare, even in the slightest, with the 
anomaly appearing in the same rotation lines 
in the comparable superimposed laboratory 
spectrogram 


at no time, under the experimental 
hla lateact 


Cherefore 


conditions that existed*, were we able to detect 
a concentration of NO molecules equal to or 
more than 10'® molecules/cm*-column between 


the 


-column is a 


the Because 
molecules /cm 
limit in our case, and 
to detect any NO absorption from 


feel that it can safely 


ind sun 


thea spectr graph 


yncentration 


letectable hecause we 


were unable 


the rocket, we 


be stated 


that a concentration of not more than 10 
molecules /cm*-column of NO could have been 
present at the time of our experiment. If one 


issumes a pathlength of 100 km7, in the altitude 
direction 


(there is 


under consideration and in a 
to that in the experiment 

no change in altitude over that 
distance), 10'° molecules/cm*-column ts _ then 
equal to 10° molecules /cm Therefore, if one 
assumes that nitric oxide does exist in this region 
of the upper atmosphere, its concentration can- 


range 
similar 
virtually 


not exceed 10° molecules/cm 


In arriving at the conclusion stated above, 
we have taken into consideration two additional 


Altitude range: 63-87 km. Direction of view 
through atmosphere: toward the sun, parallel to the 
ingent to the earth's surface at a point directly 


beneath the rocket 


100 km as a conservative pathlength 
For all practical purposes, the 


in atmospheric layer | km 


W e suggest 
for the absorbing NO 
nathleneth is contained in 


2. thick and any NO included in layers above is 
ignored. 
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One 


factors which enter into our experiment. 
is the difference in temperature between the 
absorbing gases in the laboratory with which 
we obtained our reference spectra and those in 


the upper atmosphere which produced the 
spectra obtained in the rocket flight. The other 
is the difference in background sources; the 
hydrogen lamp in the laboratory, the sun in the 
rocket experiment 

\ change in the temperature of an absorbing 
results in a shift in the intensity distribution 
f the rotational lines in a band. We calcu- 
lated the shift that would result in the 4 (0,0) 
band of NO for a temperature change of 100°C 
(300°K in the lab., 200°K at 60-90 km in the 
that it was of 


itmospheret) and found 
forming our 


in 


upper 


no imp tant Cc ynsequence 
conclusion 
In the 


sources. 


case of the different background 


it is known that both are continuous 


in nature without any sharp intensity gradients 
in the wavelength region in which we were 
interested, although, as has already been stated, 
the solar continuum is superimposed with 


relatively weak Fraunhofer lines in this region 


Also, we were careful to match background 
densities when comparing spectra 
If we wish to be very precise, it is also 


necessary to consider a pressure effect, because 
the gas pressures used in the laboratory to 
obtain our reference spectra were higher than 
those in the upper atmosphere which produced 
our flight spectra, although the pressures were 
However, the effect is not 


because 


in both cases 
significant in our present experiment, 
of the low resolution of the spectrograph used. 


low 


In order to comment on the pressure effect, we 
must have much more quantitative 
measurements, at higher resolution, both in the 
laboratory and in the actual rocket flight. We 
did not intend to do this in our present effort. 


accurate 


3.2. Molecular oxygen 
[he primary purpose of our experiment was 


the detection of and the measurement of the 


t We chose 200° K as the temperature in the 60-90 
km region of the upper atmosphere as suggested in 
the ARDC Standard Model Atmosphere 


@ 
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concentration of NO. However, the spectra 
have yielded, in addition, data concerning 
atmospheric molecular oxygen, and we are 
able to make preliminary comments in regard 
to its concentration in the altitude range 
63-87 km 

The Schumann—Runge bands 
appear strongly in all the flight spectrograms 
(Figs. 2, 3). At the lowest altitude the bands can 
be traced down to the (1,0) band. The (0,0) 
band may also appear, but this is uncertain 
because, in addition to being naturally very 
its head, at 2025-8 A, coincides with a 
strong solar absorption line. The bands can be 
seen to extend farther to the shorter wavelength 
as the altitude increases, and, at &87km, the 
bands extend 7’=13. We expect to extend the 
system even farther to shorter wavelengths 
when, in the near future, we will perform 
further composition experiments from rockets 
using the same techniques 

In order to make a determination of the O 
density in the region under consideration we 
compared microphotometer tracings of the flight 
spectra with those of absorption spectra of pure 
O, obtained in the laboratory. The lab. spectra 
of O, were obtained with the same spectrograph 
used in the flight and with the experimental 
procedure described earlier Absorption 
spectra were obtained with O, pressures from 
2 to 75cm Hg in a pathlength of 94-4cm. We 
then calculated the number of molecules /cm’- 


absorption 


W eak 


Table 2 


Altitude interval me Altitude 


fror nc ikm) 
flight spectra 


(km) 


<10 
10 
“x10 
“<i 
“x10 
3x10 


8] 
81-85 
85-87 


— tv 


* Derivation of these values explained in text 
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column for each pressure used which, in turn, 
was related to a S-R absorption spectrum with 
a particular vibrational intensity distribution. 
Keeping in mind that the background sources 
were different, we compared the microphoto- 
meter tracings of the flight and the lab. spectra 
(to give approximately equal intensity distri- 
bution), and were able to relate number of 
molecules/cm*-column to S-R_ absorption 
ybtained at any altitude 

For numerical comparison purposes we used 
values of O, density at various altitudes as listed 
by Miller Miller that the com- 
position of the atmosphere does not change 
with height up to about 90km. In order to 
convert from number of O, molecules/cm’, as 
listed by Miller, to molecules/cm*-column at a 
specific altitude we integrated the density over 
a 600km pathlength* in 6 steps. The density 
of O, in the first 100 km we took to be constant 
and as listed by Miller for that specific altitude 
The density in the next 100 km we took as the 
density listed for an atmospheric layer 2-5 km 
higher, which represents the average density in 
that pathlength; the density for the third 
100 km, that of an atmospheric layer higher by 
an additional Skm (again the average density 
for that pathlength), and so on for the fourth 
and fifth segments. For the sixth 100 km path- 
length, the average density is equivalent to that 


giver 


assumes 


* in the direction in which the instrument was 


pointed at the sun 


Density of O2 in the Altitude Range 64—87 km 


Miller Difference 
Number of 


molecules 


Factor by 


which our 


at that cm?-column over 


iltitude a 600 km 


values are 


lower 
pathlength* 


94x! 2 
13 
6 


“x10 
x 10° 
x10?! 


A tv 


LeBLANC 
V 
q 
“id 
4 Our values 
a 
42-45 ~3 — 
= 71-7 72:5 
3-0 
4-79 6 17x10" 3 3-5 
80-0 95x 2 
R30 6110 1 36 
86.0 3-7 x 10" 7 36 


in an atmospheric layer 8km higher than that 
used for the fifth because of the rapidly increas- 
ing curvature of the atmospheric layers at that 
distance. Beyond 600km, the density of O. 
has fallen to negligible values for our purposes 
at these altitudes. The values of number of 
molecules of O,/cm*-column based on densities 
listed by Miller are compared with similar 
values which we determined from our labora- 
tory and flight spectra in Table 2. 

It can be seen that our values of number 
of molecules /cm*-column are consistently lower 
at all altitudes than those derived from Miller’s 
densities by factors of 3 to 5. Nevertheless, 
the agreement is surprisingly good considering 
that the values of O, molecules/cm*-column 
which we used as a standard for comparison 
were obtained by a method of rough integration 
and that each of our flight spectrograms was 
obtained not at a specific altitude but over an 
iltitude range of 2 to 6km because of rocket 
motion during each exposure. This good agree- 
ment may be considered a justification of our 
experimental method or technique, and it 
strengthens our conclusions in regard to the NO 
concentration in the upper atmosphere. 


Solar continuum and Lyman-z radiation 
A short comment may be worthwhile con- 
cerning these two components of the solar 
radiation. The extent of and the intensity of 
the solar continuum in the vacuum ultra-violet 
region has been of considerable interest to those 
who have been engaged in studying the solar 
spectrum. Rense*” has stated that the con- 
tinuum is detectable with certainty to as far as 
1750 A. We can say, qualitatively, that the 
continuum must certainly extend, with “‘reason- 
intensity, to 1780 A because we were able 
to observe, with certainty, the S-R absorption 
bands to (13,0) whose head is at 1782A. It 
is probable that the continuum does extend 
farther to shorter wavelengths, but this is diffi- 
cult to determine in our present case because 
when the S-R bands are well developed, as in 
the present case, the strong S-R continuum, 
which is always associated with them, absorbs 
the radiation below about 1750 A. 
Previously, Lyman-2z radiation has 


2 
> 


able” 


been 
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detected from rockets with photon counters at 


altitudes as low as 74km."'*’ That was accom- 
plished with the sun’s elevation at about 20° 
above the horizon. We performed our experi- 
ment at sunset, as has been stated, and did not 
record Lyman-z on any of the seven spectro- 
grams taken over the altitude range 63-87 km. 
Although our exposure times were short, 4 and 
Ssec, we were able previously, to record 
Lyman-2 easily at an altitude of 94km with 
similar instrumentation, similar film and similar 
exposure times but with the sun above the 
horizon (0947 MST, 29 March 1955, 33°N, 
106°W). Even though the absorption coeffi- 
cient of O, at Lyman-z is small, 0-27 cm 

we attribute our inability to record that solar 
emission line primarily to absorption by the 
long pathlength of O 
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Abstract—A station for analysis of relations between lightning discharges and whistlers was 
operated near Uppsala. After preliminary tests in 1956-57 a definite programme was realized 
during the thunderstorm season of 1958. It was found that whistlers occur in groups—whistler 
situations—with periods often of 4-24 hr, exceptionally of 5-6 hr. Whistlers sometimes occurred 
in great numbers for shorter periods of time between total cessations. These extended over 
hours, days and even weeks. Whistler situations on days with thunderstorms were located 
by a c.r.o. direction finder. It was found that whilst a thunderstorm in one direction 
produced whistlers, a simultaneous thunderstorm in another direction at about the same distance 
sometimes did not. Investigation of variations in the same thunderstorm of the electric field 
force from atmospherics related to whistlers or not so related showed that atmospherics with 
the highest field force were always followed by whistlers. This was explained partially by 
facilitated propagation for wave-packets in the low-frequency band around § kc/s and partially 


by high initial energy in the discharges 


thunderstorm of waveforms from atmospherics not 
irregular variational forms and one single discharge in the lightning path. 


causing whistlers. A 


comparison in the same 
showed typically 
Waveforms of 


producing whistlers 


whistler-producing atmospherics showed regular variational forms with frequencies around 


kc/s 


1. INTRODUCTION 


Lightning discharges give rise in radio receiv- 
ing sets to the special kinds of disturbances 


known as atmospherics. When observing 
atmospherics at very low and audible frequen- 
cies, special types of a musical (tonal) quality 
are heard on rare occasions. One type is 
classified as a whistler and consists of a steadily 
decreasing whistling tone from the upper limit 
of hearing, the frequency of which falls first 
rapidly and then more slowly. 

A historical review of whistlers was given by 
Helliwell''’, and the connexion between whistler 
atmospherics and non-whistler atmospherics 
was given by Helliwell et al.'” 

The relations between the mechanism of 
lightning discharges and whistlers still constitute 
a problem not yet solved in important respects. 
This was the reason why, in 1956, there were 
started at a special station outside Uppsala 
some preliminary investigations transformed 


In several cases the waveforms indicated multiple discharges in the lightning path. 


into a definite research programme in 1958, the 
results of which will be presented in this paper. 

That a whistler starts from lightning 
discharges was first mentioned by Eckersley, 
who stated that Tremellen in a_ nocturnal 
thunderstorm (Morgan) observed that light- 
ning flashes were accompanied by whistlers. 
In a local thunderstorm in 1957 Morgan him- 
self observed that every visible flash was pro- 
ducing strong whistlers with several echoes, and 
that each flash was followed in a few seconds 
by thunder. 

At the Swedish whistler station, described 
later, two thunderstorm centres were observed 
at 2030 on 9 August 1956 at a c.r.o.d.f. bearing 
of 140° above the Baltic and at 220° above the 
Swedish inland, respectively. Atmospherics 
recorded from an antenna and a c.r.o. were 
followed by whistlers 80 per cent of the time. 
From the centre of the Swedish mainland the 
whistlers occurred frequently but were weaker 
than those from the Baltic. 
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At the station there were observed on 
6 August 1957 several passing thunderstorm 
centres with local lightning discharges followed 
by whistlers. The vertical magnetic field com- 
ponents of the discharges (Norinder™’) were 
recorded on the c.r.o. system. Simultaneously 
with the records it was possible to obtain a 
daylight picture of a vertical lightning flash 
followed by whistlers and with a crest current 
value of 7 kA, calculated from oscillograms by 
a method described by Papet-Lépine In the 
latest passing storm Norinder had opportunities 
to observe with excellent visibility for 45 min 
typical vertical lightning flashes followed by 
thunder. All vertical flashes were accompanied 
by very strong whistlers 

It has been established by the investigations 
of the last thunderstorms quoted that local 
vertical lightning paths generate whistlers. 
Numerous observations during neighbouring 
thunderstorms have also established that the 
occurrence of whistlers is a hazardous pheno- 
menon. From this it follows that investigations 
of whistlers in connexion with lightning dis- 
charges must not only be directed within the 
immediate vicinity in order to give results but 
must also be concentrated on what occurs at 
greater distances. This method has been 
followed in the investigations described in this 
article 

2. LOCATION OF FIELD STATION FOR 
WHISTLERS 

Having regard to Sweden's geographical 
extension north and south, a place in the neigh- 
bourhood of Uppsala with geomagnetic latitude 
‘58-4 and longitude A 107-0 was considered 
suitable for a whistler station. On preliminary 
investigations in 1956 it proved very difficult 
to avoid man-made interference, and after 
several tests a place called Kaptensudden 17 km 
east of Uppsala was chosen. The station is 
situated on the shores of a lake in an area where 
houses and electric transmission line systems 
are few and far away 


3. EQUIPMENT OF STATION 
In 1956 preparatory observations of whistlers 
were made by a 0:3 km long antenna of plastic- 
insulated copper wire placed on the lake 
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bottom in a north-south direction. In 1957 a 
frame aerial set up in a north-south direction 
with a quadratic section of 3 x 3m and with 200 
turns of insulated copper wire was used with 
strikingly good reception. 

During the International Geophysical Year 
(IGY) a newly constructed antenna and other 
equipment were used chiefly in connexion with 
the experiments described by Helliwell’. 
Waveforms of atmospherics were recorded by 
the E-method (Norinder') and their directions 
were observed by a c.r.o. sense direction finder 
(Stoffregen'”’.) 


4. RESEARCH PROGRAMME 

Preliminary researches were carried out in 
the autumn of 1956 and in the following winter. 
Observation periods were arranged for several 
hours in combination with very favourable 
thunderstorm activities. Nevertheless, whistler 
results failed, with the inference that whistlers 
only occurred during special rare periods. From 
this experience there followed a limited research 
programme during the thunderstorm season of 
1957. Then it was possible to receive lightning 
discharges within the sensitivity range of the 
station and to control thunderstorms on the 
c.r.o. direction finder. 

On the experience and results obtained, the 
following more extended research programme 
of 1958 was based: 

(1) Observations and notations of whistlers 
and thunderstorm situations for 10 min 
every 4 hr between 0830 and 2130 had 
to be carried out. 

(2) If whistlers happened to occur it was 
under all circumstances necessary to start 
continuous observations. 

(3) In the event of sufficiently intense whistler 
activity it was necessary to undertake 
simultaneous records on: (a) tape 
recorder, (b) c.r.o. direction finder, and 
(c) c.r.o. recorder of waveforms and 
multiple discharges 
After the latest whistler had been heard 
during an observation period it was 
necessary to continue observations for 
about 4 hr in order to ascertain that the 


activity had definitely ended. 
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5. OCCURRENCE OF WHISTLERS 


From the observations it has been found that 
whistlers occur in groups during periods up to 
several hours. Between these periods whistlers 
are entirely absent. In the routine observations 
made every } hr no occasion of isolated whistlers 
occurred. Throughout the rest of the article 
cases in which groups of a number of whistlers 
occur have been designated as “‘whistler situ- 
ations’’. 


++ + ++ 
30 June 10 


++ 


Fig. 1 


In Fig. 1 a survey is given of the whistler 
situations encountered during the observation 
period 27 June to 20 August 1958, during a 
period of 46 days. From Fig. | it is clear that 
there occurred 12 days with whistlers which 
comprised eighteen whistler situations. It 
further appears that whistlers as a rule appear 
for periods of several hours. Between these 
there is total cessation and the possibility of 
isolated whistlers occurring between the whistler 
situations is very small. 

Since the observations of whistler situations 
did not encompass the whole 24 hr, the variation 
of the situations cannot be judged in relation 
to the time of day. 


Duration (hr) 0-4 4-1\1-14\14 
Number 2 3 5 4 3 
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General survey of whistler situations 


Table 1 


24-3|3-34| 34-4|4-44 


175 


A noteworthy point is that several whistler 
situations may occur on the same day. In 
Fig. 1, 2 days occur with three whistler situations 
and 2 days with two. It can hardly be con- 
sidered as a pure coincidence that of 12 days 
with whistlers more than one whistler situation 
occurs in 5 days. It probably is not chance 
either that on four occasions there occur 2 days 
with whistler situations in succession. The 
whistler observations have been accompanied 


by simultaneous observations with the c.r.o. 
direction finder, and only in a couple of 
exceptional cases has the ending of the whistler 
situation been dependent on the cessation of 
the thunderstorm activity. 

The duration of whistler situations is variable, 
which is already apparent from the comparison 
in Fig. |. In Table | the duration of whistler 
situations from the results of 1957-58 is repro- 
duced. It appears that they most commonly last 
for periods of between 4 and 2} hr. Values of 
5-6 hr have been obtained only in two cases. 
In the question of the distribution of whistler 
durations the 2 years show the same tendency. 
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A summary of the frequency of whistlers 
occurring in whistler situations is reproduced 
in Fig. 2, where the whole body of records has 
been divided up into 5min intervals and the 
number of whistlers in the intervals is 56. One 
whistler situation on 28 June 1958 is not 
included in the statistical comparison, as this 
situation diverges. From the comparison in 


No of Smin 
interv 


10 


| 
| | 


j 
| 


| 


10 No of whist 
Fig. 2. Frequency of whistlers. 


Fig. 2 it appears that two to four whistlers in 
5 min is the most common, with about 70 per 
cent of the cases in this range. When, according 
to Fig. 2, only one whistler has occurred during 
the 5 min interval, the records show that five 
of these lie at the end of a closing whistler 
situation. 

The distribution of individual whistlers may 
change for two different days even though they 
are consecutive. The two dates of 27 and 28 
June 1958 form a striking example (see Tables 
2 and 3) where the number of whistlers in a 


Table 2. 27 June 1958 
20°10) 15 | 20 25)30 35) 40145) 50 $5 21°00/05 
—15\20 25 30.35 45 —05\10 
~ | 7| #00) 3| 3) 3) 31 


Smin interval is reproduced. The first date 
must be considered as a normal day; three 
whistlers per 5 min interval is the most common. 
This number applies for about 4 hr, whilst the 
highest number goes up to ten. On 28 June, 
a considerable difference appears from the 
previous day. The activity is considerably 
higher. During a 30 min interval in the middle 
of the recording there occur groups of more 
than twenty whistlers with a maximum number 
of twenty-five. The activity is such that it was 
a typical whistler storm. Besides the great 
diffusion in the occurrence of whistlers on 
different days, there is also a great diffusion in 
activity within the same whistler situation to be 
taken into account. 

From observational reports and recordings it 
appeared that whistler activity can conclude in 
two different ways. In the majority of cases 
it ceases in spite of the fact that discharge 
activity in the simultaneous thunderstorm is 
still continuing. On two occasions whistlers 
ceased simultaneously with the thunderstorm, 
but these cases are exceptional. The most 
usual conclusion is that during a period of 10-20 
min the whistler activity changes from being 
normal to gradually terminating. These results 
have been obtained from the continuous obser- 
vations of whistler activity simultaneously with 
the observations with the c.r.o. direction finder. 
Such observations have been carried out and 
records kept up to 4 hr after the whistler situ- 
ation has ceased. 

From the observations of whistlers and their 
analysis the following general conclusions can 
be drawn: 

(1) Whistlers occur in great numbers during 
short periods of time between which there 
occurs a total cessation. This may extend 
over hours, days and, in isolated cases, 
even weeks. 

Several whistler situations occur on the 
same day or on consecutive days. 


Table 3. 28 June 1958 
12°00 05) 10) 15) 25 | 30) 35) 40 45|50| 
—05'10, 15) 20 25 45) 50) 
20 | 7) 9) 10) 18} 16) 17) 25 | 24 


10| 15|20|25| 30| 35| 40/45 | 
60) —05| 10) 15| 2025] 30| 35| 40| 45 | 50 | 55 
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(3) A cessation of whistler activity cannot be 
connected with a general cessation of 
thunder activity. 


By the investigation of whistlers and their 
occurrence carried out as described above, it is 
confirmed that, besides lightning discharges, 
there are required certain other, locally mani- 
fested, geophysical conditions which are neces- 
sary for whistlers to be generated at all. 


6. WHISTLER SITUATIONS ON DAYS WITH 
THUNDERSTORMS 


During the preliminary investigations in 1957 
it was discovered that whistler activity was 
bound up with thunderstorms of limited range 
situated in definite directions. Thunderstorms 
in other directions and at about the same 
distance were not accompanied by whistlers. 
Such situations could easily be investigated, and 
this could be done by simultaneous recording 
of whistlers and a c.r.o. direction finder in 
combination with thunderstorm observations 
from synoptic charts and from meteorological 
stations. In the following figures such record- 
ings are graphically reproduced with indications 


| duly 28,1958 | 


Fig. 3. Thunderstorm regions producing whistlers. 


of time and distance. Open circles indicate no 
whistlers; half-open circles, an average number 
of whistlers; closed circles, a high number. 

The investigations begun in 1957 have been 
continued on an extended scale in 1958 and 
they have confirmed earlier results. An 
interesting case on 28 July 1958 appears in the 
map in Fig. 3. The meteorological observations 
show two thunderstorm centres, partly over 
north-east Sweden and partly over the Gulf of 
Finland. 

The thunderstorm situation in Sweden could 
be observed with the direction finder from 0800 
with deviations of bearing from 10° to 20°. 
According to local observations, this thunder- 
storm situation during the course of the day is 
apparent from the graphical summary in Fig. 4. 
In this are to be noted very weak whistlers from 
both thunderstorms at the observation periods 
of 1300 and 1330. Not until 1400-1440 were 
the whistlers stronger in both directions and 
records made at distances of 550-850 km and 
500-750 km, respectively. In the observation 
periods of 1500 and 1530 the whistlers became 
weaker and then ceased entirely, in spite of the 
fact that the thunderstorms, and especially the 
one in north-east Sweden, were still very intense. 
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Fig. 4. Variation of thunderstorm regions. 
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In this case the whistler situation ceased whilst 
the thunderstorms continued. 

The following day, 29 July, a thunderstorm 
was still active in north-east Sweden within the 
sector 0°—10 This thunderstorm was located 
by the direction finder early in the morning and 
continued all dav. A second area with thunder- 
storms was located on a bearing from 180 
190 This thunderstorm area located 
southwards over Germany and Central Europe 

According to the graphic summary in Fig. 5, 
whistlers began at 1400 and recordings were 
taken between 1400 and 1440. On the latter 


was 
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Fig. 5. Variation of thunderstorm regions 


occasion the whistlers which emanated from 
the thunderstorm in north-east Sweden ceased. 
On the other hand, the thunderstorm region in 
the southerly direction gave no whistlers. One 
gets the impression that this case shows that it 
is not primarily the distance from the receiving 
station which whether 


received 


whistlers 
thunderstorm 
was at 


decides 
not The 
whistlers 


are 
centre 
distances of 
00-800 km, whilst the distances to the southerly 
thunderstorm which gave no whistlers at this 
time were 500-700 km 

According to Fig. 5, no whistlers appeared 
from this southerly thunderstorm before 2000. 


which gave 
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Recordings of whistlers in this case were taken 
from 2000 until 2020. As is seen from Fig. 5, 
only a slight change had ensued in the position 
of the southerly thunderstorm activity, the 
bearings changing from 180°-190° to 165 
180°. Furthermore, whistlers were not observed 
from the southern area in spite of the fact that 
the thunderstorm continued. 

Samples of other cases have been analysed 
with satisfactory agreement and with variations 
in a similar fashion to those exemplified. In 
doing so it has sometimes ensued that whistler 
activity can be typically connected to a limited 
thunderstorm. From our experience not all 
lightning discharges in such a thunderstorm will 
produce whistlers. As explained later, the final 
cause of the production of whistlers will be 


closely linked with some features of the 
discharge mechanism in lightning flashes. 
In the investigations carried out hitherto 


with the aid of one direction finder, synoptic 
charts and meteorological stations, there has 
been no possibility of determining accurately the 
local position within a thunderstorm region of 
such lightning discharges as were accompanied 
by whistlers. This task is by no means easy, 
but it is important and it will be tried in sub- 
sequent investigations. 


7. DISCHARGE MECHANISM IN LIGHTING 
FLASHES AND WHISTLERS 

The occurrence of a thunderstorm is only one 
of several necessary conditions for the develop- 
ment of whistlers 

From our experience hitherto, the develop- 
ment of whistlers is bound to the direction of 
the lightning paths. From direct observations, 
as well as from unique daylight photography of 
a lightning flash, it has been verified that 
whistlers are produced by typical vertical 
lightning paths between the thunderstorm cloud 
and the earth's surface 

The current variations in lightning flashes are 
of importance for the development of whistlers 
A calculation of the available photographed 
lightning path resulted in a crest current value 
of the same magnitude as the most frequent 
crest current values of vertical flashes striking 
vertical objects on the earth (Norinder"’). This 


| 
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does not preclude the fact that lightning dis- 
charges with very low current values may 
produce whistlers. Because of their low energy 
content such whistlers will not propagate with 
such amplitudes that they will be observed at 
greater distances. 

Special conditions in the lightning mechanism 
are necessary for producing whistlers. In the 
gradual progress of the discharge such low- 
frequency bursts must be generated which are 
necessary for the development of whistlers. 
[he actual frequency region is, as we know, 
between 1 ke/s and 15ke/s, with an optimal 
value at Ske/s. A preliminary analysis of the 
frequency distribution of lightning discharges 
has shown (Norinder’) that these actual fre- 
quencies are occurring in vertical lightning 
strokes. These frequencies are not dominating 
If the reverse should be the case, whistlers 
should occur more frequently than is actually 
the case. An analysis of the magnetic field 
variation of a considerable number of vertical 
lightning strokes showed that the low-frequency 
waves are mainly generated on the frontal but 
also to some extent on the decreasing parts of 
lightning currents. 

The development of the low-frequency vari- 
ations is enhanced by an intensification of the 
ionization in the lightning path (especially in 
the branches) and the volumes of the thunder- 
storm atmosphere which carry the charges. 
From this follows a decreased resistance in the 
discharge region which must excite the develop- 
ment of the wave-packets 
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Fig. 6. Atmospherics 
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The analysis by oscillograms of local lightning 
flashes to detect the causal relations between 
the lightning mechanism and the whistlers pro- 
duced depends on the very hazardous occur- 
rence of whistlers. To arrive at results within 
a reasonable time the observational area must 
be substantially enlarged, and one no longer 
deals with lightning discharges at their source, 
but with their transformation with distance, i.e. 
with atmospherics. This transformation with 
distance has been analysed only to a limited 
extent (Norinder’*’). When what is called the 
waveform of atmospherics in the following 
discussion is related to the generated lightning 
discharges, it must be with reservation and 
caution 

The activity of whistlers may be connected 
with a limited thunderstorm region and it is 
evident that not all lightning discharges 
indicated by atmospherics give rise to 
whistlers. This is shown in Fig. 6, in which 
the filled piles represent percentages of atmos- 
pherics with whistlers and the empty ones 
atmospherics lacking whistlers. The relation 
shows very pronounced variation with time. 

Che whistler situation described in Fig. 6 was 
unusually intense. Otherwise, in the general 
character of its variations, it is quite in keeping 
with the majority of other whistler situations 
observed 

lhe material which has been forthcoming up 
to now is very comprehensive with regard to 
oscillograms of atmospherics with and without 


subsequent whistlers. Further analysis will be 


whistlers 
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carried out according to the following prin- 
ciples: 
(1) Comparison between the peak values of 
the electric field force of the atmospherics. 

(2) Comparison between the waveforms of 
atmospherics 


8. VARIATIONS OF ELECTRIC FIELD OF 
ATMOSPHERICS IN RELATION TO 
WHISTLERS 

In a comparison between the peak values of 
the electric field force of atmospherics, whether 
followed by whistlers or not, the whistler situ- 
ation reproduced in Fig. | affords remarkable 
material for comparison of the phases of 
development following each other in whistler 
situations. For practical reasons the field force 
or field values have been directly determined 
by measurements from the original oscillograms 
in such a way that the values represent the 
highest amplitude difference between the two 
polarities. During the first } hr of the whistler 
situation, about 30 per cent of all oscillographic 
recordings gave subsequent whistlers within the 
actual sector fixed by the direction finder 
During a later period (1350-1425) the occur- 
rence of atmospherics with subsequent whistlers 
reached about 85 per cent. The measured field 
values are graphically reproduced in Fig. 7, 
where (a) indicates the first period (79 obser- 
vations) and (b) the second (119 observations). 
The field in volts/metre accompanied by 
whistlers is represented by closed circles and 
those without whistlers by open circles 

In Fig. 7 there is a very clear tendency to be 
found for the relation of the field values to 
whistlers. In the area of the lowest field values 
atmospherics are not accompanied by whistlers 
In an intermediate area on the scale atmos- 
pherics occur with and without whistlers. At 
the higher values on the scale all atmospherics 
are accompanied by whistlers 

It was natural to assume that the relation 
clearly shown in Fig. 7 between field values and 
whistlers only applied to the particularly intense 
whistler situation on 28 June 1958. With a 
view to checking this, similar investigations of 
field variations in atmospherics have been 
carried out in several other whistler situations. 
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Fig. 7. Electric field of atmospherics related to 
whistlers 


The result is given in Fig. 8. A difference in 
the mean level of field values for the different 
whistler situations is noticeable This is 
explained by the fact that the oscillographic 
recordings have been carried out at different 
times on different days and at different distances 
from the thunderstorm regions. Fig. 8 clearly 
shows the same tendency as Fig. 7. 

It therefore appears to be fully established 
following Figs. 7 and & that atmospherics with 
the highest field values are accompanied by 
whistlers 

From the established amplitude distribution 
of atmospherics in relation to whistlers it is 
natural to try to find out whether the amplitude 
constitutes the deciding factor as to whether 
atmospherics are to be accompanied by whistlers 
or not. Should this hypothesis be correct, there 
should have been not three different areas on 
the field scale in Figs. 7 and 8 but only two, 
all lightning discharges with field values over a 
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certain limit giving whistlers, and all those with 
lower field values giving no whistlers. 

The predominant occurrence of atmospherics 
producing whistlers at the groups of higher 
field-force values in Figs. 7 and 8 might to some 
extent be related to intensified current variations 
in the whistler-generating lightning discharges 
as compared with those lacking whistlers. 
Another plausible explanation is related to the 
transmission coefficient of the ionosphere in the 
very low-frequency band from 1 to Skc/s 
(Wait). This transmission coefficient has a 
maximum at the quoted frequencies, a circum- 
stance that will facilitate the propagation of 
the amplitudes of atmospherics followed by 
whistlers as compared with those without 
whistlers and thus lacking the above-mentioned 
prevalent low frequencies. 


9. WAVEFORMS OF ATMOSPHERICS IN 
RELATION TO WHISTLERS 
During the 1958 observation period nearly 
700 oscillograms of atmospherics have been 
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Fig. 8. Electric field of atmospherics related to whistlers. 
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obtained from whistler situations. It has not 
yet been possible to treat this comprehensive 
material and especially to carry through an 
important harmonic analysis dealing with the 
occurrence of frequencies. 

On account of the large number of oscillo- 
grams, it appeared especially suitable to divide 
up the material with the help of the amplitude 
values of the field force in conjunction with 


Fig. 8 (IIf). Three characteristic groups of 
amplitude variations in atmospherics were 
noted: (1) oscillograms of atmospherics not 


producing whistlers; (2) oscillograms of atmos- 
pherics productive and unproductive of whist- 
lers; (3) oscillograms of atmospherics which 
produced whistlers. Group (2), which contains 
atmospherics both productive and unproductive 
of whistlers, is especially suitable for com- 
parative purposes. 

According to Fig. 8, there developed on 
27 June 1958 three whistler situations. The 
latest in the day, between 2000 and 2109, gave, 
according to simultaneous observations with the 
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Fig. 9. Oscillograms of atmospherics not followed 
by whistlers 


c.r.0. direction finder, the whistlers’ deviations 
in bearing between 40° and 65°. The thunder- 
storm centre was spread out, with a mean 
distance of about 450-550 km. 

Within the observation area were received 
a number of atmospherics in Group (2) not 
producing whistlers; this is illustrated in Fig. 9 
The oscillograms show typically irregular varia- 
tional forms, and particularly regular frequen- 
cies are absent. The atmospherics have this in 
common—that they have been generated by 
single lightning strokes, and so high resistance 
in the lightning path must be taken into account. 

In Fig. 10 are illustrated a number of whistler- 
producing atmospherics in Group (2) from the 
same observation area. Except in the initial 
stages, these atmospherics show very regular 
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variational forms so that they can immediately 
be recognized as waveforms where the frequen- 
cies most nearly correspond to 5 ke/s or to the 
band nearest this frequency. This is in full 
agreement with what has been discussed earlier. 

The intention is to publish in a later report 
the results of a harmonic analysis of the 
comprehensive oscillographic material. Some 
preparatory tests show already that the wave 
spectrum will be characterized by an intense 
energy peak at Skc/s 

The oscillograms reproduced in Fig. 10 are 
characterized, with one exception, by multiple 
discharges recorded by the method reported by 
Norinder and Vollmer'”. It is, moreover, 
not out of the question that in this exceptional 
case also multiple discharges occurred, but did 
not appear in the recording on account of their 
low amplitude 

Multiple discharges often occurring in the 
lightning path presuppose, in contrast to single 
discharges, increased ionization both in the 
path and in the volume within the thunderstorm 
atmosphere from which the large quantities of 
electricity transformed into the lightning dis- 
charge are fed. The consequence is, on the 
whole, a smaller resistance in the lightning path 
than in the cases characterized by only a single 
discharge. To what extent this may contribute 
to particularly favourable conditions in the 
frequency ranges which are specially character- 
istic of whistlers will be investigated more 
closely in a coming treatment of the compre- 
hensive oscillographic material already referred 
to. 
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Fig. 10. Oscillograms of atmospherics followed by whistlers. 
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SATELLITE ORBITS AND ATMOSPHERIC DENSITIES AT 


ALTITUDES UP TO 750 km OBTAINED FROM THE VAN- 


(Received 


The objectives of the Vanguard Orbit Deter- 
mination Program have been to use Minitrack 
and other observational data to acquire and 
determine the orbits of artificial earth satellites, 
to make appropriate predictions to facilitate 
further observing, to determine interim defini- 
tive orbits for researchers conducting experi- 
ments with instrumentation in the satellites, to 
determine definitive orbits, and to conduct 
analyses of orbits for geophysical and other 
research purposes. 

The Vanguard Orbit Determination Program 
has been developed under the direction of the 
Vanguard Working Group on Orbits whose 
members are Dr. G. M. Clemence, President of 
the American Astronomical Society and 
Scientific Director of the Naval Observatory 
Dr. R. Duncombe, Assistant Director of the 
Nautical Almanac, Dr. P. Herget, Director of 
the Cincinnati Observatory, Mr. J. J. Fleming, 
Head of the Operational Research Branch of 
the Naval Research Laboratory, and the author 
who serves as Chairman of the Group. The 
program utilizes the facilities of the Vanguard 
Computing Center which has been established 
in Washington, D.C., under a contract with the 
International Business Machines Corporation. 

The prime Minitrack network was established 
and is operated under the technical direction of 
a Project Vanguard group under J. T. Mengel. 


* Presented at the Tenth General Assembly, Inter- 
national Astronomical Union, Moscow. 12 August to 
21 August 1958 
address 


+ Present Goddard Space Flight Center 


Washington 25, D« 


GUARD ORBIT DETERMINATION PROGRAM* 


JOSEPH W. SIRY?t 
U.S. Naval Research Laboratory, Washington, D.( 


10 January 


184 


1959) 


It has made more than 1250 precision 108 Mc/s 
radio observations of the satellite 1958 a, 
Explorer [, and nearly 1000 observations of the 
satellite 1958 y, Explorer If. It had already 
made about 1000 observations of the Vanguard 
satellite, 1958 8,, when this satellite’s orbit first 
came around to a position in full sunlight on 
22 June 1958. One of the radio transmitters 
of this satellite is powered with solar cells. 
Hence, it may continue to transmit and be 
observed for a long time to come. Table 1 
gives a typical set of orbital elements issued for 
this satellite by the Vanguard Computing Center 
of the Naval Research Laboratory. 


Table 1. Orbit Elements for 1958 £,, 
VANGUARD I, as Issued on 2 April 1958 


The following are the orbital elements of 1958 Beta 

(Vanguard) issued at 022000 U.T. by the Vanguard 

Computing Center of the U.S. Naval Research 
Laboratory 


Epoch 17 March 1958 

12 hr 27 min UT 
Anomalistic period 134-29 min 
Eccentricity 01906 
Inclination 34-30 
Longitude of ascending 154°59 

node (motion — 304° /day) 

Argument of perigee 128-08° 

(motion —4°43°/day) 
Mean anomaly at epoch 5-11° 


Semi-major axis 
Perigee 
Apogee 


1:3619 earth radii 
405-1 statute miles 
2463°6 statute miles 


Fa 
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The satellites 19588,, Vanguard I, and 
19587, Explorer III, represent the extremes 
from the orbit determination standpoint. The 
absolute fluctuations in the mean motion were 
smallest for the former, and largest for the 
latter, among the satellites for which precision 
radio observations were available. Accordingly, 
the orbit of the former was determined with 
the greater precision. Even in the case of 
1958 y, Explorer III, however, reasonably good 
fits have been obtained for 2 day arcs. The 
results obtained with this satellite are of interest 
since they indicate what can be done in the way 
of determining the orbits of satellites having 
very low perigees and very high fineness ratios. 

The discussion of the observations for the 
first score of arcs covering the first half of this 
satellite’s lifetime has yielded a piecewise con- 
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tinuous representation of the orbit extending 
over about 15 million miles. Certain character- 
istics of this orbit representation are summar- 
ized in Table 2. Shown there are the standard 
deviations of fit for the twenty 2 day arcs which 
cover this portion of the orbit. These can be 
thought of as root-mean-square measures in 
radians of the residuals of the observations 
which were used to determine the respective 
arcs. The numbers listed are also approxi- 
mately a measure, in miles, of the corresponding 
linear deviations at the mean distance of the 
satellite, which was about 1000 miles. The 


radial distances between adjacent arcs at the 
times for transferring from one arc to the next 
are seen to be of the same order as the residuals 
within the individual arcs. 
upon a dozen or more observations. 


Each arc is based 
Some of 


Interim Definitive Orbit for Satellite 1958 


Summary of Certain Position Information For Arcs Extending From 
17°45 UT 26 March 1958 to 05°59 UT 6 May 1958 


Standard 
deviation 


Arc 
number 


Interval (d-~h-m) UT 
of fit 


(x 10°) 


28 - 23-57 
30-23-47 
02-01-03 
04-01-00 
06-00 

O8 -O1 
10-02 
11-21- 
14-02 
16-02- 
17-23 
19-21 
22-01 - 
24-02- 
26 -00- 
28-01 
30-04 
02 -04- 
04-00 
06-05- 


Coordinate differences and corresponding distances 

between points in adjacent arcs at transfer times. 

Distances are in nautical miles, angles in nautical 
miles at sea level 


Radial 


Height distance 


0-09 
0°35 
6°76 
3-63 
1:60 
3-05 
0-02 
1:78 
4°18 
2:27 
O18 
093 3 
1-13 101 
1°87 061 
1:70 0-05 
2°82 1-09 
0-07 3°77 
4:35 3:87 


6°42 
4°25 
6°16 
6°33 
2:44 
0-01 
0-25 
2:05 
0:22 
1°48 
0-19 
2:10 
25 


we we w 


hWNN WN WwW 


= 
Long. Lat 
l 26-17-45 tc 
2 28-23-57 to 98 495 “4 
3 30-23-47 to 3 a dd 
4:69 
5 04-01-00 to 46 1-73 5+] 
tc 4 2:17 9 
10-02-55 to 2:4 
1°65 
9 11-21-52 to 6°4 
0-95 
10 14-02-23 to 6:2 
1:80 
11 16-02-36 to 46 1-81 : 
12 17-23-35 to 36 vy 
ORS 
13 19-21-28 to 1:4 0-03 
22-01-02 to 3 
1-49 
16 26-00-33 to 4:1 1-84 
17 28-01-46 to 2:0 1-53 
18 30-04-51 to 48 ; 6) 
19 02-04-58 to 5-9 
20 04-00-39 to 5:1 


the observations, usually one or two per arc, 
were removed in the discussion of the obser- 
vations. The differences between the observed 
and computed times of meridian passage for a 
typical set of observations are shown in Table 3. 
The root-mean-square value of the residuals for 
the entire 40 day period is less than 6 milli- 
radians and less than 20’ of arc 

At the present time, the best estimate of the 
overall performance of the entire orbit deter- 
mination system, including the Minitrack 
observing system and the orbit computing 
system, is obtained by analysis of the orbit of 
the Vanguard satellite, 1958 Errors only 
about half the size of the smallest ones appear- 
ing in Table 2 have been obtained for some 
of the ares of the Vanguard satellite. Hence, 
it is now possible to state that the overall orbit 
determination system, including the Minitrack 
system and the orbit computation system, is 
capable of accuracies of better than 1 mrad or 
about 3° of arc. Analyses of the data for 
systematic station residuals, ionospheric effects, 
etc., have not yet been completed. These 
analyses may make it possible further to 


improve the accuracy of the overall Vanguard 
satellite orbit determination system 

Various orbit determination methods are used 
These 


at the Vanguard Computing Center 


PERIOD (MIN/DAY 


HANGE 


Fig. 1 


186 JOSEPH W. SIRY 


Rate of change of period of the satellite 


results just cited for the satellite 1958y, 
Explorer III, were obtained using the general 
perturbation method developed by Herget and 
Musen It is based upon the method of 


Table 3. Meridian Crossing Time Residuals For 
Arc No. 14 of the Interim Definitive Orbit For 
the Satellite 1958 


Residual 
Minitrack 


Pass No - (observed 
Station 
computed) 
338 Ft. Stewart 0-53 sec 
339 San Diego 0: $4 
339 Havana 
340 San Diego -0-12 
340 Havana 0-24 
341 Quito L021 
342 Antofagasta +040 
343 Santiago - 12 
344 Santiago 0-07 
348 Quito 0-13 
348 Antigua —0-01 
349 Havana + 0-22 
350 Havana +033 
350 Ft. Stewart +012 
351 San Diego +054 
35] Ft. Stewart 
3§2 San Diego 0-16 
3§3 San Diego 
356 Santiago 00 


1958, EXPLORER I 11 as a function of time during 


the first 40 days of its lifetime 
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Hansen’s lunar theory. It was used in con- 
junction with the Eckert-Brouwer Method of 
differential corrections.*’ The atmospheric 
drag effects were accounted for by identifying 
them with a corresponding linear change in the 
mean motion. This rate of change became a 
seventh unknewn which was solved for in the 
differential correction program. 

The period decrement was also determined 
by differencing the periods obtained for adjacent 
arcs. Details of the relationships between these 
two methods are being studied. In view of the 
importance and interest attaching to this sub- 
ject, however, the preliminary results of Fig. | 
are included. There appear to be at least two 
periods present in the 19587, Explorer III, 
data shown there. The longer period of the 
two has a length which corresponds with that 
of the motion of perigee. The ratio of the 
period decrement at the maximum and mini- 
mum amplitudes is about 4:3. An effect of 
this type is expected as a result of the variation 
with latitude of the height of perigee above the 
ellipsoid. If the scale height were 40 km, the 
amplitude ratio would be about 1:2. This is 
somewhat smaller than the observed effect. 
The effect would be still smaller if the scale 
height were larger. The variation of density 


VANGUARD 


DENSITIES at ALTITUDES up to 750Km. 187 


with latitude, which is implied by other data, 
would tend to decrease the amplitude still 
further. Nevertheless, the observed long period 
variation in the period decrement for 1958 y, 
Explorer Ifl, does appear to correspond 
approximately to that which is expected as result 
of a latitude variation of the height of perigee 
above the ellipsoid. The variation having the 
shorter period is probably due to a variation in 
the orientation of the velocity vector relative to 
the satellite axis. The motion probably repre- 
sents a combination of the aerodynamic effects 
and the rigid-body dynamical effects. 

A significant measure of air density at a very 
high altitude was obtained from the orbital data 
for the satellite 1958 8,, Vanguard I. Dynamic 
pressure, pv’, is conveniently measured in 
terms of the characteristic unit, w/C,A, where 
C, and A denote, respectively, the weight, 
the drag coefficient and the corresponding refer- 
ence, projected frontal area of the satellite. 
For the satellite 19588,, Vanguard I, this 
characteristic unit, often called the drag para- 
meter, has the value 3:25g/cm’*, assuming 
diffuse reflection with no accommodation. The 
observed rate of change of period for this 
satellite was 3-1 10°* min/day. This is the 
average value for the first 3 months of its life- 
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time. During this period, the perigee advanced 
a little more than one revolution. Hence the 
value cited represents a sampling of all the 
latitudes traversed by this satellite, ic. up to 
34:3 

If the atmosphere over the entire orbital 
range is considered to be isothermal, these data 
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For example, the same Vanguard satellite data 
also imply the curves of density versus scale 
height shown in Figs. 3 and 4. It is seen that 
the 750 km level is of particular interest. At 
this height any assumption as to scale height in 
the range from 125 to 350 km yields very nearly 
the same implication concerning the density. 
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Fig. 3. Density vs. scale height at an altitude of 850 
km as implied by the orbital data for 1958 @., 
VANGUARD |. An isothermal! atmosphere is 
assumed 
Vi TE 2 
= pe Reve MIN 
2.06 
KM 
Fig. 4. Density vs. scale height at an altitude of 750 
km as implied by the orbital data for 1958 G.. 
VANGUARD |. An isothermal atmosphere is 
assumed 


imply the relation between perigee density and 
scale height which is shown in Fig. 2. An 
assumption about scale height allows one to 
arrive at an estimate of the density at this 
altitude. Similar curves exist for other altitudes 


This height can thus be regarded as a pycno- 
metric level, i.e. a level at which the density is 
separated relatively well from the other atmos- 
pheric parameters, and hence can be determined 
by means of the satellite observations on the 
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Fig. 5. Graph illustrating certain pycnometric 
properties of the orbit of the satellite 1958 4.. 
VANGUARD I. Shown are curves of density vs 
scale height at several altitudes as implied by the 
orbital data for this satellite. An isothermal 


atmosphere is assumed 
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Fig.6. Graph illustrating certain pycnometric 
properties of the orbit of the satellite 1958 Z.. 
VANGUARD |. Shown are curves of density vs 
scale height at several altitudes as implied by the 
orbital data for this satellite. A temperature 
gradient of 2° K km is assumed 


basis of assumptions which are not very for two other cases. corresponding to tempera- 


restrictive The behavior of the surface ture gradients of 2°/km and 4° km respec- 
p(h,H) in the neighborhood of the pycno- tively. Again, curves of density versus scale 
metric level is indicated in Fig. 5 height were obtained for a number of heights 


his type of analysis has also been conducted of interest. They are shown in Figs. 6 and 7 
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Fig. 7. Graph 


properties of the orbit 
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scale height at several altitudes as 


orbital data for this 


gradient of 4 K km 


The 750 km level again has useful pycnometric 


properties. The atmospheric density is seen to 
lie within about 8 per cent of 1-2 « 10-'* g/cm 
for all scale heights between 125 and 350km 
and all temperature gradients from 0°K /km to 
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An analysis of the same general type has 
been made for the satellites 19572, and 
1958 2 The results for all three satellites are 
shown in Fig. 8. Related analyses have also 
been conducted by other workers." The 
point shown for the satellite 1958 z, Explorer I, 
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Fig. 8. Atmospheric densities based on obser- 
vations of certain IGY satellites 
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was based on the period decrement of 0-065 
min/day which was observed during the first 
4 days of its orbital journey. According to Jet 
Propulsion Laboratory estimates, the minimum 
value of the drag parameter was assumed by 
1958 2 at the beginning of its orbital journey." 
On this basis, and assuming diffuse reflection 
with no accommodation, the value of the drag 
parameter was taken to be 3-6g/cm*. The 
latitude of perigee associated with the 1958 2 
observation shown in Fig. 8 is about 20°N 
The latitude of perigee associated with the 
1957 2, observation shown there is about 50°N 

The analysis of the pycnometric level made 
above in connection with the Vanguard satellite 
was primarily mathematical in approach. It 
sought to determine the pycnometric level 
which is optimum for a given orbit, without 
regard, a priori, to physical considerations 

An analysis of the Vanguard satellite orbital 
data can also be made by means of an approach 
in which an appeal to the physical theory is 
made Nicolet has studied atmospheric 
models in which the mechanism of heat con- 
duction plays an important role in determining 
the temperature gradient, and hence the atmos- 
pheric structure at high altitudes. He considers 


several cases. each corresponding to an effective 
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Fig. 9. Density vs. 
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Variations 
of this model which he considered thus form 


temperature at the SO00km level 


a one-parameter family of atmospheres. It was 
found that the Vanguard satellite orbital data 
implied that the reference temperature at 500 km 
is about 1600°K. The corresponding tempera- 
ture gradient and energy flux are about 2°K /km 
and 0-3erg/cm* sec, respectively For this 
atmosphere the scale height and the temperature 
gradient at the 750 km level are about 140 km 
and 2°K/km, respectively. These values fall 
within the pycnometric region at this altitude 
which described earlier The density 
implied by this atmosphere at the pycnometric 
level of 750km is 10°'* g/cm rhe 
temperature at this level is about 2100°K. The 
lifetime of the Vanguard satellite determined on 
the basis of this atmospheric model is about 
200 years 

Variations of about 25 per cent were observed 
in the period decrements for the different arcs 
in the 90 day period covered by this study 
[hese variations are larger than the standard 
deviations of the period decrements, themselves 
These observed period-decrement variations 
correspond to variations of about 25 per cent in 
density and to variations of about 100°K in 
the reference temperature at the 500 km level 
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Correlations with other geophysical and solar 
parameters are being sought in further analyses 

The effect of contributions of charged 
particles to the drag would be to decrease the 
corresponding value of the total mass density 
Estimates based upon moderate assumptions 
about the charged-particle drag indicate that it 
may contribute perhaps 10 per cent of the total 
drag effect. More drastic assumptions, about 
the electron temperatures, say, could increase 
the corresponding charged-particle contributions 
considerably. This would have the effect of 
decreasing the corresponding values of the 
density and the temperature 
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Fig. 10. Temperature vs 


and performed numerous calculations using this com- 
puter in connection with the atmospheric density 
analyses. Messrs. N. Bonavito, E. Doll, J. Hayes and 
R. K. Squires have also performed many calculations 
in this connection. Messrs. R. Bryant, C. H. Chrisman, 
M. Lecar and Miss A. Eckels have made many calcula- 
tions concerning the satellite orbital parameters. The 
author enjoyed valuable discussions with Drs. R 
Jastrow, P. Mange, H. E. Newell, Jr.. M. Nicolet and 
C. Pearse and Mr. H. LaGow concerning the upper 
atmosphere 
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STRONGLY ABSORBING LAYERS BELOW 50 km 


BENGT HULTQVIST and JOHANNES ORTNER 
Kiruna Geophysical Observatory, Kiruna C., Sweden 


(Received 5 April 1959) 


1, pp. 193-204. Printed in Great Britain. 


In a few cases of very strong absorption of very long duration observed at Kiruna 


Geophysical Observatory during the summer of 1958, the height of the upper boundary 


of the ionized layer has been found to be about 50 km. 
accords well with what is to be expected if the ionizing agent consists of protons. 
proposed interpretation is discussed with regard to this new height information. 


1. INTRODUCTION 

Within | hr after the strong solar flare of 
23 February 1956 very strong absorption of 
radio waves was observed at several ionospheric 
observatories to the north of 60° geomagnetic 
latitude (Shapley and Roberts''’). One excep- 
tional characteristic of the effect was that it was 
not accompanied by any geomagnetic disturb- 
ances or auroral phenomena. It seems to have 
been the first time that such an effect had been 
reported. A large number of reports appeared 
in the literature concerning various geophysical 
effects of the flare in various regions of the 
earth, most of them occurring less than | hr 
after the flare outbreak. Several of the reports 
indicated that unusuaiiy deep layers of the 
atmosphere were influenced (cf. Aarons and 
Barron *’; Belrose et Gold and Palmer’; 
Pierce and Moritz’; Ehmert and Revellio’*’). 
However, no quantitative height determinations 
of the absorbing ionization seem to have been 
made. 

Similar absorption without geomagnetic or 
auroral effects was observed a few times in the 
summer of 1958 at Kiruna Geophysical Obser- 
vatory (geographic co-ordinates 67:8° N, 20-4°E; 
geomagnetic co-ordinates 65:3°N, 115-5°E) (see 
Hultqvist et al.”’; Hultqvist*’). The purpose of 
this paper is to report height determinations of 
those ionized layers and to discuss the effect 
of the low heights obtained (less than 50 km) 
on the interpretation proposed earlier.'* 

The existence of ionized layers (the C-layers) 
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It is shown that this height value 
Earlier 


in the lower and middle atmosphere (between 
5 and 60 km altitude) was proposed more than 
20 years ago by several authors (Colwell and 
Friend®’; Watson Watt ef al.'”; Mitra and 
Bahr”). Short-range echoes (20-50 km) have 
also been reported in recent years (cf. Okamota 
et al. According to Berkner””, 
Major Dowden and others it is, however, 
doubtful if the short-range reflections reported 
were produced by ionization (probably sea 
reflections). Landmark''”’ has recently obtained 
a few echoes from 65km height, which seem 
to have been of ionospheric origin. They 
appeared during periods of strong solar disturb- 
ances. During polar blackouts at Churchill, 
Canada, Seddon and Jackson have found 
measurable electron density down to 55km 
altitude from rocket measurements. 


2. OBSERVATIONS AND THE PREVIOUS 
INTERPRETATION 

A riometer (relative ionospheric opacity 

meter) has been in operation at Kiruna 

Geophysical Observatory since the end of 

March 1958 (see Little and Leinbach''”’ for 

equipment details). 

Very strong absorption starting 2—4 hr after 
the outbreak of strong solar flares was observed 
at Kiruna Geophysical Observatory during the 
summer of 1958 on four occasions: 7 July, 
16, 22 and 26 August. 

On 8 July and 26 August the maximal absorp- 
tions recorded surmounted 20dB (the signal 
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strength was so near zero that only a lower 
limit can be stated with any certainty), which, 
as far as we are aware, are the highest absorp- 
tion values reported for vertical radiation 
around 30 Mc/s. Fig. | shows as an example 
the absorption as function of time for 26 
August. 

[ “ABSORPTION 
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tories at Lycksele (geomagnetic latitude 62:5°N) 
and Uppsala (geomagnetic latitude 58-4°N). 
Characteristic features of the absorption 
effect being discussed, as compared to absorp- 
tion effects caused by magnetically disturbing 
beams, and which also are requirements for 
application of the method of height determina- 


- 


24 


Absorption as function of time for the period 


26-28 August 1958. The maximum limits of errors 


due to reading of the record are given for a few 


points to indicate the order of magnitude 


The 


uncertainty in the relative position of neighbouring 


points is far less. 


The most remarkable feature of the whole 
phenomena was the absence of magnetic effects 
before the sudden commencement of the mag- 
netic storm 

The restriction of the absorption to geomag- 
netic latitudes greater than approximately 60° 
found from the ionosounder records 
obtained a° the Swedish ionospheric observa- 


was 


tion described in this paper, are the strength of 
the effect, the long duration and the smooth 
time variation, indicating a homogeneous 
ionization over a large area. Therefore drift 
motions, turbulence and diffusion seem to play 
unimportant roles. 

The decrease of the absorption was extremely 
slow. It took some 3 days for the cosmic noise 
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signal strength to reach its predisturbance value 
again (see Hultqvist'*’’). 

During the absorption periods of August 
mentioned, very marked night-time decreases 
of absorption occurred (cf. Fig. 2). From the 
records of those decreases the heights of the 
absorbing layers have been obtained in the way 
described in paragraph 3 below. 

It was shown by Hultqvist’*’ that the ioni- 
zation may be caused by ions—most probably 
protons of energy up to a few hundred MeV 
for the lowest magnetic latitudes where the effect 
has been observed. The necessary number 
density of the beam was shown to be extremely 
small, so small that one-particle theory can be 
used. As no quantitative data concerning the 
height of the absorbing layer were known when 
the report of the interpretation mentioned above 
was prepared, it was supposed that the ioni- 
zation was situated in the ordinary D-layer. 


e 3. HEIGHT DETERMINATIONS 

Fig. 2 shows the variation of the cosmic noise 
signal strength during the nights 16-17, 22-23 
and 26-27 August 

The most important types of reactions deter- 
mining the balance between free electrons, N, 
and negative ions, N~, are the following (cf., for 
example, Bates and Massey *’’): 

electron attachment: 

coefficient », 
collision detachment: 

+ Y>XY+e°, coefficient «, (2) 
photo detachment: 

coefficient p. (3) 

In the night when no light reaches the layer 
the photodetachment reaction is inoperative and 
therefore N/N~ is less than in the day 

The electron affinity of the O, molecule, to 
which electrons mainly attach in the lower 
ionosphere and the mesosphere, is approxi- 
mately |eV, which means that the photons of 
almost the whole solar emission spectrum have 
sufficient energy for the photodetachment 
reaction. 

The rate of the photodetachment reaction is a 
function of the solar zenith angle, but as the 
atmosphere is very transparent for most of the 
radiation producing the detachment the solar 


angle dependence is small (cf. Chapman and 
Davies **’), as is also indicated by the records 
of Fig. 2. 

From what has been said above about the 
energy requirements of the photodetachment 
reaction it seems to be very probable that the 
effective shadow for the reaction in question is 
that of the solid earth—or possibly of the cloud 
layer a few kilometres outside the earth's sur- 
face. Direct experimental evidence for that 
exists. It has, for example, been found at 
Stanford” that the intensity of reflections on 
325 kc/s tends to increase when the solar rays 
tangent to the earth strike the lower E-region, 
and the height of the lowest observed F-region 
reflections on 100 kc/s has been found to drop 
appreciably at the time when the region leaves 
the shadow of the solid earth. These effects 
are attributed to electron photodetachment, as 
in the cases under discussion here. Further- 
more, the investigations of the ozone distri- 
bution with height, using the eclipsed moon 
as the reflecting surface (Gétz*”; Barbier 
et al.*”’), are based on the fact that visible 
radiation even in the Chappuis diffuse absorp- 
tion bands of ozone penetrates the earth's 
atmosphere in the ozone levels, reaches the 
partially eclipsed moon, and is reflected back 
to the spectrometer on the earth's night side 

On the basis of these facts and the additional 
one that the time constant for changes in the 
N/N~ ratio is certainly less than | min, it is 
evident that the absorption should reach its 
constant night-time value as soon as the whole 
layer contributing appreciably to the absorption 
has come into the shadow of the solid earth 
(or of the cloud layer). This permits the height 
of the absorbing layer to be determined for 
those few cases of unusually strong absorption 
being discussed in this report. 

The values of the height of the limit of the 
solid earth's shadow above Kiruna at the times 
of the beginning and the end of the periods of 
night-time absorption, together with the 
shadow’s height at local midnight are presented 
in Table |! 

In the morning of 24 August the geomagnetic 
sudden commencement started before sunrise, 
and therefore no observations could be made. 
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Beginning of period of night 
absorption 


Date Height of 
August | Time shadow of 
(MET) solid earth 


(km) 


16-17 2245 5! 
22-23 2138 45 
23-24 2141 53 


2110 44 


In two of the seven cases the record is con- 
cave upwards during the whole transition 
periods between daytime and night-time con- 
ditions. In those cases the times of beginning 
and ending, respectively, of the transition 1s 
estimated to be in error by as little as +3 min. 
This corresponds to an uncertainty of the height 
of about +2km. In the remaining five cases 
the uncertainty is of the order of 5km, which 
is less than the highest deviation of any one 
value from the average (<9 km). 

A possible complete opacity of the lowest or 
lowest few kilometres of the atmosphere does 
not increase the upper limits of the absorbing 
layers, as determined above, by more than the 
same amount, approximately (one or a few 
kilometres). 

It will be shown below that the very low 
heights found—the lowest ever reported (except 
for the sea reflections, mentioned in the intro- 
duction)—are in good accordance with what is 
to be expected if protons constitute the ionizing 
agent. 


4. IONIZATION OF PROTONS AS FUNCTION OF 
HEIGHT FOR ENERGIES BETWEEN THOSE OF 
ORDINARY AURORA PRODUCING PROTONS 
AND COSMIC-RAY PROTONS 

The upper geomagnetic colatitude limit, 4, as 
function of proton energy, according to one- 
particle theory (see, for example, St6rmer**’) 
is shown in Fig. 3. The 4-region of special 
interest here is from 4= 20° to 430°. For 
# less than approximately 20° the protons, for 
which that colatitude is the upper limit, are 
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Table 1. 


50 km 


End of period of night 


absorption Height of shadow 
Height of of solid earth 
Time paw am of at local midnight 
(MET) solid earth and 


(km) 


O11S 39 62 
0130 55 96 

102 
0205 51 125 


stopped already in the D-layer, and for 4 greater 
than about 30° the absorption effect has hitherto 
not been observed. 

Numerical calculations have been made of 
the energy release as function of height for 
protons with the following energies outside the 
atmosphere: 29-5, 49-3, 60-0, 67-7, 97:2, 181-1, 


360°3 and 1690 MeV corresponding to 6 = 21-0 
41:2, respectively. 
Mev [ 
PROTON 
ENERGY 
500 
1000 


») 
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Fig. 3. Upper geomagnetic colatitude limit in the 
earth's magnetic dipole field as function of proton 
energy, according to one-particle theory 


The energy decrease during the passage of a 
proton through the atmosphere has been calcu- 
lated numerically by taking height intervals of 
a depth so small that the energy release in every 
interval is only a few per cent of the remaining 
energy, except in the very last part of the proton 
path, where the particle is loosing all its rest 
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energy. For the last few intervals a depth of 
0-2km has been adopted, and for the very last 
ones 0-1 km. The total number of intervals for 
one proton has varied around twenty. The 
“stopping cross section” for protons in air 
given in diagram form by Segré and the 
rocket measurements of the density of the upper 
atmosphere published by La Gow and Ains- 
worth *”’ have been used as basic data. For the 


E= 1811 Mev 


lowest 20km the density data for the INA 
atmosphere as found in Landolt-Bérnstein'*” 
have been used. The atmospheric composition 
has been assumed to be that of the bottom 
region over the whole interval, as in: all cases 
of interest here the protons penetrate to below 
60 km 

Some results of the calculations are presented 
in Figs. 4 and § 


Fig. 4. Energy release per unit length as function 
of height for protons of energies 29.5, 97-2, 181-1 
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The uncertainty due to method of calculation 
in the obtained height distributions has been 
roughly estimated by making the calculations 
with the double number of intervals for the 
proton energy 97:'2MeV, corresponding to 
Kiruna’s latitude. It was found that the pene- 
tration depth is in error by a fraction of one 
kilometre only. Such an accuracy is quite 


sufficient for our purposes 


Lower boundary of the proton ionization 


Fig. 5 
as function of geomagnetic colatitude. Concerning 
basic assumptions, see text 


It has been assumed above that the paths of 
the protons are straight vertical lines and that 
the distance from the earth’s centre to the level 
where the protons are stopped is 6400 km (in 
the numerical calculations of the energy-colati- 
tude dependence the level of appreciable inter- 
action with the atmosphere has been put at 
40 km for all proton energies, an approximation 
which affects the results in a negligible way) 
It is evident that in this way a lower limit of the 
lower boundary of the ionization is obtained 

The assumption of vertical paths does not 
introduce any appreciable error, as for the high 
latitudes of interest the inclination has values 
between 70° and 80 


For Kiruna’s geomagnetic latitude (65:3°N) 
the radius of curvature for protons of lower 
limit energy is 25km before any considerable 
amount of energy has been released in the 
atmosphere. 


As the protons, which reach the 
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lower magnetic latitude limit along Stérmer 
trajectories, have quite small pitch angles with 
regard to the geomagnetic field lines, and as 90 
per cent of the energy release occurs over a 
height interval of only some 12 km, it is evident 
that the curvature does not increase the pene- 
trated mass of air by any considerable amount. 
Cherefore the position in height of the ionized 
layer is probably too low by an amount of the 
order of | km or less for Kiruna’s latitude and 
by still less for lower latitudes. Even for the 
highest geomagnetic latitudes considered in this 
report (up to 70°) the error in the depth of 
penetration due to used approximations is 
assumed to be unimportant. 


5. THE ABSORPTION CROSS-SECTION FOR 
VERTICAL h.f.-RADIATION IN HIGH 
LATITUDES 
For vertical radiation in the h.f.-band and 
above, the propagation :s quasilongitudinal in 
the latitude range of interest here. For that 
case the absorption cross-section, «, can be 
written 


k 
N me 


H,e/me)’ + 
where & is the absorption coefficient (cm~'), 
N is the electron density (cm™*), p=2zf is the 
angular frequency of the wave, » is the electron 
collision frequency, H, is the component of the 
earth's magnetic field in the direction of propa- 
gation, c is the velocity of light and e and m 
refer to electrons. There are three variables in 
the expression: p, v and H 

Below the 90 km level the electron collision 
frequency is a function of pressure, P, and 
temperature, 7: 


v= 5-22 + 


(4) 


lO’ P/ JT (5) 


where P is measured in mm Hg (Nicolet'?”). 

lhe influence of the variations in H, is very 
small. Over the geomagnetic latitude range 
53°-75° the variation of the term 

(p+ H,e/mcy 

of (4) amounts to only 3 per cent even for a 
frequency of 18 Mc/s, and still less for higher 
frequencies, which means that o varies with 
the same amount in the higher levels of the 
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atmosphere and not at all in the lowest ones 
Such variations are negligible compared to the 
uncertainty of the constant in (5), for instance 

The variation of « with height has been com- 
puted for the four frequencies 18, 27, 36 and 
45 Mc/s for Kiruna’s latitude, using the P and 
T information given by La Gow and Ains- 
worth The results are shown in Fig. 6, 
where it can be seen that the absorption cross- 
section has its maximum far below the ordinary 
ionospheric layers, and that the height of maxi- 
mum cross-section only varies between 55 and 
49km over the frequency range 18-45 Mc/s. 


6. ABSORPTION DUE TO PROTON 
IONIZATION 


The product «dE /dh is a measure of the 
absorption coefficient per proton per cm’. If 
we want to measure the absorption in dB we 
have to multiply the product with 20/Q In 10, 
where Q is the energy required for production 
of one electron-ion pair. The resulting expres- 
sion represents the absorption in dB/cm, which 
would exist in the atmosphere if one proton of 
vertical direction had traversed every square 
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Fig. 6. Absorption cross-section for quasilongi- 
tudinal propagation as function of height for the 
frequencies 18, 27, 36 and 45 Mc's 


centimetre of a plane in the upper atmosphere 
parallel to the earth's surface, and if no recom- 
bination occurred 


Fig. 7 shows the relative variation with the 
height of the absorption per cm caused by 
mono-energetic protons of various energies for 
vertical trajectories, if the curvature of their 
orbits and the variation of recombination rate 
with height within the ionized layer are neg- 
lected. These simplifications make the layers 
too thin but the influence of the omissions is 
certainly not important. Protons of energy 
higher than the lower limit for any latitude will 
mainly ionize at still greater depths than those 
derived above 


According to the experimental height deter- 
minations, the results of which are collected in 
Table 1, the average height above Kiruna of 
the limit of the shadow of the solid earth was 
48:3km. Taking into account a complete opacity 
due to clouds of, say, the lowest 3 km, it increases 
the height mentioned to 51 km. Approximately 
14 per cent of the calculated total absorption 
due to proton ionization occurs at levels higher 
than 51 km, as can be estimated from Fig. 7b. 
It should be remembered that the contribution 
to the absorption of the layers directly above 
Sikm altitude is certainly considerably less 
when the radiation from the sun is reaching the 
region from angles below the horizon as 
compared to daytime conditions. Remem- 
bering also the uncertainty in the measured 
height values, which is estimated at a few 
kilometres—-even for the averages—it seems to 
be possible to state that there exists good agree- 
ment between calculated and experimental 
upper boundaries of the ionization causing the 
unusually strong absorption. Not more than 
20 per cent of the absorption seems to occur 
at altitudes above the values of Table 1, and 
still smaller proportion of the ionization is situ- 
ated at those height levels. 


Fig. 8 shows the variation of the total absorp- 
tion per proton per cm’ per sec with the geo- 
magnetic colatitude The absorption per 
proton has a maximum in the auroral zone 
(between #= 22° and 23-5°). As the maximum 
height of « (cf. Fig. 6) varies fairly slowly with 
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Fig. 7. Relative variation with height of the ab- 

sorption per cm caused by monoenergetic protons 

of vertical direction, for the four energies 29-5, 

97:2, 360°3 and 1690 MeV, corresponding to 

upper colatitude limits of 21:0°, 24-7°, 303° and 
41-2”, respectively. 


frequency the absorption effect per proton has recombination, of course, must be taken into 
a maximum in the auroral zone over a fairly account. 


The following relation is valid between the 
rate of electron production, ng (electrons /cm* 
7. ESTIMATION OF THE REQUIRED NUMBER _ sec) and the electron content, N (electrons/cm*): 

DENSITY OF THE PROTON STREAM 

In order to find quantitative values of the nq dN 

} : +(2z,+Az)N (6) 
absorption per cm per proton/cm* sec, the {+A dt 


broad frequency range. 


201 
Arbitr f 
units ABSORPTION /err Asbitr | | 
units | ABSORPTION /err 
20 4 
9c 
34 10 \ 
4 
3 
és on 
E=972 Mey 
E =295 Mev 
2 40 660 0 2 SO 6 7 80 
4EIGHT (ler HEIGHT Ger 
45 
mits 4) ABSORPTION | Artatr 
{ units ABSORPTION 
| 
34 | 
| 
| 
{ 
2 = | — 
{ 
| 
1 E = 3603 Mev aif E = 1690 Mey 
HEIGHT (km) 


SEOMAGNE TK 
COLATITUDE 


Fig. 8. Variation of the total absorption per proton 
with geomagnetic colatitude. The ordinate scale 
gives the absorption, A, in dB per proton/cm® 
sec corresponding to a stationary electron content 


(dA'dt—0) 


where 7m is the vertical influx of protons/cm* 
sec, g is the electron production per cm per 
proton, \=N~/N is the ratio of the contents of 
negative ions (N~) and free electrons (N), 
z, is the coefficient of the electron-ion recom- 
bination and 2, is the coefficient of ion-ion 
recombination 

For the layers of the atmosphere of interest 
here Az, > 2,. Multiplication of all terms with 


the factor 0-459 v/(3-32 and inte- 
gration with regard to height, A, gives 
dA 
«0-459 dh 
1 dA A 
(oN dh +(zN-) A (7) 
} dh dt 


where A is the absorption, measured in dB, and 
is the electron collision frequency. 

We know approximately how » and q vary 
with height (cf. (5) and Fig. 4) but it is not 
known how A varies or the value of /,. 

It can be shown that when recombination can 
be neglected A =»m/(xm-+p),* where m is the 
number density of neutral particles to which 
electrons attach, and », « and p are the 


* There is some uncertainty concerning the para- 
meter mm in the term «m. In adopting the same value 
for m in this term as in the term 9m of the expression 
for A we have followed Mitra and Jones®® and 


Bailey®'. 
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coefficients of reactions (1), (2) and (3) (cf., for 
example, Hultqvist*’’). The value of A in the 
mesosphere is unknown. With all probability 
\=100 is, however, an upper limit especially 
for daytime conditions even for the low levels 
being discussed (cf. Bates and Massey*'’ con- 
cerning the value of » in the lowest ionosphere, 
Mitra and Jones’ for a «-value for the lowest 
D-region and Hultqvist for p/«m-values of 
the absorption cases under discussion). If this 
value of A is used for the calculation of the 
proton flux the obtained flux will certainly be 
an upper limit. 

From the observations that constitute the 
experimental basis of the height determinations 


reported above, an average value of 2,V~ has 
been determined (cf. Hultqvist*’’) The 
obtained value is 16 10°*sec™'. It is not 


known for which height this value is typical. 
The error introduced in using this numerical 
value for (z,V~), in (7) is, however, probably 


not great compared to other sources of uncer- 
tainty. Introduction of the values of A and 2,V 
mentioned above and putting q=(1/Q)dE/dh 
gives for n: 


4 


A) /(: 15x 10 


dE 
dh) (8) 


F 32 x 10 

if the value 40 for Q, used earlier, is adopted. 

With dA /dt=1 dB/hr and A =20 dB, which 
values are typical for the cases of very strong 
absorption reported in this paper, an upper 
limit, corresponding to the presumed value of 
A, of the n-value of 63 protons/cm* sec is 
obtained. As the velocity of 97-2 MeV protons 
is 1:27 10'°cm/sec the required number 
density of protons in the beam is found to be 
as low as 5x 10-* protons/cm*. This is within 
the limits given by Hultqvist'*’ before any 
quantitative estimations of the height had been 
made. As probably only a small part of the 
total number of protons in the beam reaches 
down into the atmosphere in the way sketched 
above, the total number density of the proton 
beam is assuredly several orders of magnitude 
higher, but even then the trajectories are with 
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all probability of the Stérmer types, as the 
marginals for use of one-particle theory are 
wide. 


8. DISCUSSION 


(1) The deep penetration into the atmosphere 
is a very strong support for the hypothesis that 
the ionization is produced by protons of energy 
between that of ordinary auroral protons on one 
hand and cosmic-ray protons on the other, as 
proposed by Hultqvist*’. It rules out the 
possibility of heavy ions (like calcium ions) 
being the ionizing agent. 

From the time interval between solar flare 
outbreak and start of increase of absorption 
and the velocity corresponding to the energy 
of those protons, for which Kiruna’s latitude is 
the lower limit, it can be found that the 
distance, sun to earth, along the real proton 
orbits is 6 times longer than the straight line 
distance, which is not unreasonable according 
to Block’s’**’ calculations. 


(2) From Fig. 8 it can be seen that the 
absorption due to a proton of energy 360 MeV 
reaching 60° geomagnetic latitude is about 60 
per cent of that produced by a proton one-sixth 
as energetic reaching the auroral zone. The 
efficiency per unit energy is thus 10 times greater 
in the auroral zone than 7° further south. This 
fact contributes to the decrease of the absorption 
effect with decreasing geomagnetic latitude. It 
can, however, not alone explain the observed 
lack of any effect to the south of 60° geomag- 
netic latitude. The main reason for that must 
be that the number density of the proton beam 
as a function of energy decreases rapidly with 
increasing energy. 

Measurements of the latitude-dependence of 
the absorption effects, described in this paper, 
would give valuable information about the 
proton number density vs. energy curve for the 
energy range of, say, 20 or 30 to 350 MeV. 


(3) The exceptionally low height in the atmos- 
phere explains the remarkable fact that the 
absorption was not accompanied by geomag- 
netic disturbance. If the ionization responsible 
for the geomagnetic effects is situated in the 
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E-layer, the absorption per electron is some 
2500 times less than if it is localized in the 
30-50 km levels. Taking into account the fact 
that the ratio of the cross-conductivities per 
electron (proportional to »/(v?+*), where 
is the gyrofrequency) for the 40 and 115km 
levels is 6 to 7 and that a reasonable value of 
the ratio of average wind velocities in the two 
levels mentioned is 1/3 (cf. Crary”’’’ and 
Harang’*"’), it is found reasonable that the 
electric current due to winds is some 50 times 
or more higher in the 115km level for an 
absorption localized there of the order of | dB 
than an electron content at 40km height pro- 
ducing some 20 dB absorption, which seems to 
be sufficient to explain the lack of measurable 
currents associated with the low layers. 


(4) A very low decay rate—several orders of 
magnitude less than is expected on theoretical 
basis—has been found for the type of ionization 
discussed (see Bailey’'’ and Hultqvist’’’). It 
may have something to do with the fact that 
the ionization, according to our measurements, 
is situated in the ozonosphere, or the low rate 
of decay may be due to continuous bombard- 
ment of particles from corpuscular radiation 
stored in the earth's magnetic field. 


(5) The observed decrease of absorption in 
connexion with the start of the geomagnetic 
storm, reported earlier (Hultqvist eft al.”’; 
Hultqvist'*’) can evidently not be due to thermal 
expansion of the atmosphere, which has been 
proposed, as an expansion would increase the 
absorption at Kiruna’s latitude due to the shape 
of the absorption cross-section curve of Fig. 6 
The sudden occurrence of an electrical field 
directed upwards seems then to be the most 
simple explanation. 


The experimental material on which the 
interpretation and discussion of this paper are 
based is very small. The results are therefore 
to be considered as preliminary until more data 
have been collected. As the occurrence of the 
special type of extremely strong absorption of 
long duration seems to be intimately correlated 
with very strong solar flares it may, however. 
take several years to collect good material. 
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Abstract 
derived; further, 


Some aspects of the dependence of the E 
an attempt ts made to deduce the mean world-wide drift direction of E. in 


1959) 


ionization on the geomagnetic field are 


summer, using the time displacement that occurs for the daily maxima of the hourly median 


values of 


t. E. AND THE GEOMAGNETIC FIELD 


It is generally assumed that some of the chief 
properties of the F.—layer are intimately related 
with the geomagnetic field, but this bond is still 
supported only on isolated results rather than 
on results collected and discussed on a world- 
wide basis. With the data gathered during the 
IGY a better knowledge of the same bond will 
be possible, allowing us to deduce the true 
nature of the ionization processes responsible 
for the F,-layer. 

For some years it has been known, first for 
Huancayo and later for Kodaikanal,’'’ that on 
the geomagnetic equator F, is generally so 
regular that the diurnal variation of its critical 
frequency follows roughly the cosy—law, with 
midday maxima mainly very much higher than 
the corresponding values occurring in other 
latitudes. The symmetry between the forenoon 
and the afternoon behaviour of f,F, is then 
characteristic for these equatorial stations 

The same results, together with the seasonal 
variation of the f,F, suggest that the solar 
radiation is certainly the chief factor controlling 
the ionization of FE, in the equatorial regions 
and, as we shall see, everywhere. 

Among the new ionospheric stations raised in 
the equatorial regions in the last few years, the 
most interesting ones are the African. Of these 
only Ibadan and Djibouti present a behaviour 
in the diurnal and seasonal variations of the 
{,E, similar to those that are recorded in 
Huancayo and Kodaikanal, i.e. over these 


places the F.-layer is also prevailingly of the 
equatorial type. 

Ibadan and Djibouti have the geomagnetic 
latitude of 10°6°N and 7-0°N, respectively, 
latitudes calculated in the assumption that the 
geomagnetic field is an approximation of an 
eccentric dipole. Therefore, these two places 
cannot be considered as properly lying on the 
magnetic equator of the dipole. 
Instead, Ibadan and Djibouti are nearly situated 
on the equator of 0° magnetic dip (of the 
present epoch), crossing the African continent 
7-10° north of the geographic equator, while 
the geomagnetic dipole equator crosses from 
WSW to ENE the same geographic equator 
near Stanleyville.'” 

Since in South America and in India the 0 
dip equator coincides roughly with the dipole 
equator the importance of the former has 
been neglected. 

According to what Rawer’”’ has pointed out, 
from the data now available it results that the 
0° dip equator is effective in generating the 
equatorial type of F, only in a narrow band 
around the same 0° dip equator. 

Another proof, though indirect, that only the 
0° dip equator is decisive in producing the 
ionization of the equatorial F,-type, is given by 
the behaviour of F, resulting from the iono- 
spheric stations located in the Belgian Congo. 
The Lwiro station (geomagnetic latitude 4:0°S), 
with the data of 1952-53, reveals diurnal and 
seasonal variations of normal type, as recorded 
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in middle latitudes. The same occurs at Bunia 
(Ruampara, geomagnetic latitude 0:3°S), a 
station which was active in the IGY 1957-58. 

We shall return later to the equatorial 
F.-type, that we consider as belonging only to 
the localities placed on the narrow band around 
the 0 dip equator. Now we shall examine the 
F-data from observations made by ionospheric 
stations lying outside the band around the 0 
dip-equator, and up to latitudes of nearly 
+ 60°, where the polar type of F, that we are 
not considering here begins to appear 

Since the critical frequency of a region is 
related to the maximum electronic density, 
Vocf,*, it is clear that the highest ionization of 
the F.-layer does occur with the maximum of 
f,-E.. In the part of the earth we are consider- 
ing, between the latitudes of —60° and +60 
these maxima always occur in the diurnal hours, 
i.e. when the sun is over the horizon, a result 
which confirms that the chief cause of the 
F.—1onization is due to the sun's influence 

Of course, isolated {,F, maxima values are 
not significant from a statistical standpoint 
Instead, we have considered the hourly median 
values of f,F, for each month and for each 
ionospheric station active in the IGY period 
(from which data have been received). Although 
the characteristics of the sounding 
instruments used are often different, we have 
found that such medians are useful and there- 
fore comparable 

For nearly all ionospheric stations active 
during ihe IGY we have plotted the isopleth 
representation of such f,F. hourly medians 
(tome in MLT or of the nearest n « 15° meridian 
versus months). This representation 
lets us immediately infer the chief features of 
the diurnal and seasonal variations of the 
median F 


electrical 


as abscissa 


Before discussing such variations, we shall 
examine the ahsolute maximum of the same 
hourly median values, that we call M(f,F.) 
Of course, this maximum appears in summer 
(generally in June-July in the northern hemi- 
sphere and December—January in the southern) 

Figure | represents these maxima M ({,F.) 
graphically, dependent on the geomagnetic 
latitude (this last is sufficient in this respect) 


ELENA 


In the majority of the stations used in the 
northern hemisphere we have indicated the two 
maxima, one relative to summer 1957 and the 
other to summer 1958, that generally are not 
coincident. The corresponding differences are 
also sometimes great, but, as we shall demon- 
strate, these differences should be ascribed 
generally to intensity-changes of the prevailing 
ionospheric winds in the F,-layer. For the 
southern hemisphere only one summer 
(December 1957-January 1958) was available, 
and therefore only one maxima ts indicated 

At the same geomagnetic latitude the least 
values of M({,F.) are more representative of 
the effective maximum ionization of the / 
layer, independent of the variation that might 
occur in wind intensity. Thus, m Fig. | we 
have drawn a dotted line giving the limits of the 
minimum values of M (f,~.) and this smoothed 
curve should approximately indicate the maxima 
ionization in the F.-layer, locally originated 
without or with littl contribution of mass 
transport, that is, the change due to the mean 
magnetic field. Analysing the figure we can 
deduce 


(1) Although the number of ionospheric 
stations in the southern hemisphere is 
considerably less than in the northern 
one, it seems that by deduction of wind 
effect the maxima of the mean F 
ionization are sensibly greater in the 
southern hemisphere 


The behaviour of the same maxima in 

function of the geomagnetic latitude 

reveals 

(a) a minimum near the equator: 

(b) two maxima near + 15°-20 

(c) a sharp minimum at about —35° in 
the southern hemisphere, while the 
corresponding one in the northern 
hemisphere seems not at all so clear 


Although for 


other ionospheric layers a 
dissymetry between the southern and the 
northern hemisphere has been exhibited, more 
stations in the southern hemisphere are needed 
to assure a general validity of the result 

We should remember that the mean solar 
daily geomagnetic variation on quiet days (S,) 
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Fig. 1. Behaviour of the absolute maxima of the 
median hourly critical frequency M(f ) dependent 


on the geomagnetic latitude (gererally obtained 
from IGY data). The dotted line at the left side 
joins the minima values of M(f,, E.) the values that 


are more independent of the high speeds in the 
E.- drift 
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is generated by a current system in the iono- 
sphere, one in the northern and the other 
in the southern hemisphere, each of them 
flowing around two foci, placed at latitude 
f +35-40 In latitudes the currents 
both The two foci explain 
minimum of M(f,F.). particularly 
the southern hemisphere during 
This result is also confirmed by 
corresponding mean variation 
same quantity expressed in function of 

the latitude 
the right side 


low 
are eastward 
the 
evident in 
the summer 


seasonal 


since we obtain a similar picture, as 
f Fig That the situation 
in the northern hemisphere is not so clear should 


chows 


be ascribed probably to more irregular induction 
effects of earth currents on the ionosphere 
Nevertheless, it ts that the mean 
characteristics of the F ire controlled by 
the normal current distribution responsible for 
the 


prov ed 
lay eT 


lt is known that in some equatorial places 
Kodaikanal, etc.) m the 0 
et day solar 


lvine 
the qui magnetic vari- 
n AY thorizvontal magnet 


| his 


rise ind decrease ! 


large fact can be explained 


clarly ncentrated 


4 
named 


tric current 
1 on the normal current distribution 
daily iriation 


for the magnetic \ 


mean f,~£, in the same equatorial 
imilar abnormally large solar dails 
magnetic variation (S.), also the electrojet 
should be the cause of the equatorial type of 
Indeed. if v 
flows at a height 
F layer, since the 
zontal ( 
ment of electrons ts originated and the process 
during the solar hours when the 
electrojet is active. Following McNicol and 
Gipps’. —. might be formed due to the ioni- 
zation of pre-excited atoms by the radiations in 
the visible part of the solar spectrum: and by 
the upward movement just mentioned this 
ionization increases chiefly vertically, causing 
accumulation that can explain the high or very 
high values recorded for f,f 

As clearly pointed out by S. Chapman" , “the 


that the electrojet 
little than the 
geomagnetic hort- 


dip), by deflection an upward move- 


supp 
less less 


field is 


continues 
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abnormal! band of eastward current superposed 
on normal current flow does not encircle the 
earth; a few hours of longitude to the east 
and west of the focal meridian, S,(H) has sunk 
almost to its night time value, indicating that 
there the abnormal eastward current is only 
just beginning to flow, or has just ceased. As 
the current must complete a circuit, there must 
also be a westward abnormal flow (presumably 
both to the north and south of the abnormal 
band of eastward current), turning towards the 
equator in the forenoon to flow eastward, and 
away from the equator in the afternoon to flow 
On the diagram of current intensity 
the return flow will 
correspond to depressions below the normal 
curve, to the left and right of the superposed 
abnormal peak, the combined curve being equal 
to the peak area above the normal curve.” 
(See Fig. 6 of the quoted paper’) 


westward 
along the focal meridian 


Therefore, where the 0 dip equator differs 
sensibly from the geomagnetic equator, on and 
near it during the sun hours we have a depres- 
sion, /.c. the current intensity is below normal 
And if we simultaneously consider 
stations at lo latitudes (between 
ymagnetic latitude), but not 
quator of band of 
them, the corresponding current 
intensity drawn in function of the 


latitude smoothed curve 


value 
different 
and 10° ge 
those on the 0 dip 
around 


in the 


geomagnetic 
presenting 
equator 


leads to a 
1 minimum near the geomagneti 
Because of the total electric 
resulting during the sunlight hours by the super- 
f the electrojet 
responsible for S,, we see 
VM (f.F.) as controlled by these 
currents should have a minimum near the 
geomagnetic equator. Since the ionospheric 
stations being considered here are mostly in 
Africa south of the geomagnetic equator, the 
corresponding minimum of M({,F.) obtained 
by a smoothed curve going through a limited 
number of points, is placed somewhat south of 
the geomagnetic equator, but the result is 

qualitatively confirmed 


current system 


m the normal system 
that 


position 
in low latitudes 


also the mean 


For the two maxima of the mean M (f,F.) at 
the geomagnetic latitudes of nearly +13° and 
22°, obtained from Fig. 1, the agreement with 


iti 
ibnormall) 
hy the 
eastw irct 
superpos 
: responsibl 


the corresponding maxima of the total electric 
current flowing eastward during the sunlight 
hours should be regarded sufficient because of 
the very scarce data used. 

Furthermore, considering the isopleth repre- 
sentation of the hourly median values of f,F.,, 
it should be noted that some stations at low 
latitudes reveal a somewhat irregular behaviour 
in the seasonal variation of the same f,E 
median. This occurs in Central Africa, south 
of the 0° dip equator (Bunia, Lwiro, Léopold- 
ville, Elisabethville), as well as in Central 
America, north of the same equator (Talara, 
Panama, Puerto Rico, Grand Bahama). where 
we have one of the following seasonal 
behaviours (Fig. 2): 


(1) The seasonal variation is contrary to that 
expected; so too in Lwiro and Bunia, 
though to a lesser degree, the maximum 
of f,F, occurs in June (and not in 
December). Analogously in Talara the 
seasonal maximum of f,F, is recorded in 
December (instead of in June) 


(2) In the stations at Léopoldville, Elisabeth- 
ville, Grand Bahama, Puerto Rico and 
Panama the seasonal variation of {,F, is 
generally of type, fe. in 
places the maxima of f,F, occur mainly 
each six months (nearly at June and 
December) or are more or less irregularly 
distributed Effectively, I éopoldville 
seems to have maxima in June somewhat 
more sharply than the other stations, and 
from this point of view it belongs more 
appropriately to the first group; while 
Puerto Rico is less irregular, having 
maxima generally in June 


mixed these 


Che explanation of these results can be out- 
lined as follows: We consider, for instance, 
Central Africa, where the 0° dip-equator is 
situated several degrees north of the geographic 
and geomagnetic equators. Referring to the 
picture of the electrojet given in’, this 
abnormal eastward current flowing in the sun 
hours over the 0° dip band provokes a com- 
pensating westward abnormal current that 


(contrary to what happens in the places where 
the equators are not so distant, i.e. where the 
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flow occurs both to the north and south) should 
flow only to the south of the 0° dip equator, 
turning towards the magnetic equator in the 
forenoon to flow eastward and away from the 
equator in the afternoon to flow westward. 
Herewith the westward compensating current of 
the electrojet transports the properties of this 
electrojet to the south part, i.e. including its 
maximum seasonal activity (June), that will be 
superposed on the normal current system. The 
proposed explanation seems satisfactory, parti- 
cularly because of the dissymetry of the 0° dip 


equator and its bending over Africa and 
America. Similarly, over Central America the 
irregular seasonal types of f,F, might be 


explained with the penetration of the abnormal 
westward electric current towards the north. 


2. THE ZONAL MOVEMENTS OF THE 

E LAYER 
For some years it was found 
method or by “reflection” 
frequency of 20 Mc/s or more'’—that the ion 
clouds the F,—laver submitted 
generally to translational movements; directions 


by the fading 
~ radio waves at a 
forming are 
and speed values have been estimated, although 
they are not always in good agreement 
Without 
physical 


true 


more 


the 
movements, 


attempting tO investigate 
nature 


presumably generated by 


of these 
the electromagnetic 
forces causing the charged particles to move 
relative to the neutral particles, we introduce 
here a new method for obtaining the prevailing 
monthly direction of the zonal F—drift, making 
use of the time-displacement (advance or delay) 
presented by the diurnal maxima of the f,F 
medians, as revealed by the isopleth representa- 
tion 

‘his procedure can clearly be justified con- 
sidering, for instance, the isopleth representation 
of the f,£,-medians for Baguio (Philippine 
Islands, Fig. 3) The figure shows that in 
summer at Baguio the maximum of the f,F 
medians occurs very sharply in the forenoon, 
at about 7-10 a.m. (MLT), ie. nearly 
5-2 hr before noon. A similar advance appears 
also, though not so obviously, in Formosa, 
Okinawa and in Japan and is to be explained 
as an effect of very strong E-winds transporting 
the ion clouds of the F.—layer at a speed nearly 
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Isopleth representation of the median 


hourly values of f,, E, at Baguio (Philippine Islands). 


equal to the apparent speed of the sun and of the 
subsequent vertical growth of the same clouds. 
Indeed, as the greatest increase of ionization 
in the E,-layer occurs generally in the hours 
just after sunrise,* if we have E-winds trans- 
porting this effect with the apparent speed of 
the sun movement over Baguio, we obtain a 
concentration of the ionization in the same 
hours, i.e. a maximum of the f,F.-medians a 
few hours after day break, as indicated in 
Fig. 3. 

Of course, the method, 
values, is appropriate only for deducing the 
prevailing zonal winds in the season when the 
maxima of the f,£,—medians occur very clearly. 
As the example of Baguio shows, the agreement 
between the maxima relative to different months 
of the same season also reveals the stability of 
such zonal currents. 

An attempt to deduce a rough value of the 


as based on median 


* Contrary to what happens at a station on the 0 
dip equator where a symmetric effect occurs around 
local noon (when only upward winds prevail), at low 
ind middle latitudes the horizontal movements in the 
FE ayer, which during the day mix the ionization 
generated at sunrise, lead generally to a poorly defined 
effect of the sunset and, likewise, the nightly E, 
onization does not diminish to very low values. The 
mainly due to turbulence and recom- 
yn processes 


mixing seems 


binati 


speed of these zonal winds can be made as 
follows. Denoting with 7, the speed of a point 
over the equator at 110 km height rotating with 
the earth, it is, approximately, 1696 km/hr 
and at latitude ¢ the speed will be v =~, cos ¢. 

The sun’s rays first contact the 110 km height 
in advance of the corresponding points on the 
earth’s surface; if + is the time between this 
first contact of the sun’s rays and the local 
noon, we have, approximately'”’: 

0 10 20 30 40 45 

70hr 75hr 79hr 8 Shr 9-Ohr 

Now, denoting with a the number of hours 
between the maximum in advance of f,F, and 
the local noon, it should be: 

rv = (7 —a) (v +x) 
where x is the zonal wind speed acting in the 
sense of the earth rotation, the effect of which 
is just in advance of the ionization maxima in 
the forenoon. We have, therefore: 
COS 
a)—1| 

and numerically in km/hr: 


x (a, 


10 20 30° 


278 245 209 
669 569 490 
1063 918 
1771 1470 
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4 
@ IV 
o ill 
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IV . 45 
40 45° 
a=lhr 153 149 
2 hr 406 342 
3 hr 723 +601 
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Therefore, assuming a=3hr for Baguio 
(c= 16° 25°) we deduce that in summer the 
zonal westward drift of the F.-laver in the 


forenoon reaches mean values of the order of 
1100 km/hr 

his result is confirmed with nearly progres- 
decrease by the stations of Formosa, 
Okinawa and those of Japan, lying roughly 
along the same meridian. Obviously, because 
of longer sunshine in summer at higher latitudes, 
the meridional disequilibrium of the ionization 
processes is greater in the higher than in the 
lower latitudes, which also occurs in the mean 
intensity of the meridional winds 

The very high speed of the mean zonal wind 
deduced for Baguio and the near stations, 
compared with the results obtained in other 
parts of the earth, reveals that in summer over 
the Far East the F.—layer is presumably under 
the influence of this stronger drift*. In this 
regard it is to be remembered that for some 
Japanese stations (i.e. Akita and Tokyo- 
Kokubunji) a strong meridional wind has been 
found’ that should be logically coupled with a 
similar “onal F 

As pointed out by. N. C. Gerson” 
Strongest evidence indicating that -.—-movements 
represent true wind from the 
fact that sporadic E-winds agree very well with 


sive 


strong movement 


“the 


Motons comes 
those determined by other means.” 

the validity of our method is 
indirectly proved by the good agreement with 


Similarly, 


the results gathered in stations or regions where 
other procedures have been applied 

The first attempt undertaken with the 
maxima-displacement method was made using 
the median /,F,-values of the ionospheric 
Stations active in the IGY. Generally for each 
of these it was possible to deduce the prevailing 
direction of the zonal current flowing during 
the day and mainly in the forenoon (as E-winds) 
in summer (June-July for the northern hemi- 
sphere and December—January for the southern 


hemisphere). The results are reported in Fig. 2, 

* From another standpoint this anomalous be 
haviour of the E,-occurrence over the Far East 
ippears already in the Figs. Il F-9 to F-14 of paper 
V orldwide Occurre nce of Sporadic fF by I K Smith, 
ir. (National Bureau of Standards Circular $82. 


Washington 


1957) 
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and from these it appears that in the northern 
hemisphere the westward drift is generally 
prevailing during summer and in the forenoon. 
Only over Maui (Hawaii) a weak W-drift occurs 
in the afternoon 

For North America (USA) this is in good 
agreement with the summer conditions deduced 
by N. C. Gerson using the “reflection” of 
radio waves at frequencies exceeding 20 Mc/s 

In Europe, if we suppose that the drift of F 
involves the normal F—layer, it should be noted 
that by the fading method E. Harnischmacher 
and K. Rawer”’ have recently obtained the 
same westward movement with maxima of 
speed just in the forenoon. The mean intensity 
of such currents seems greater in Europe than 
over the USA, but far less than the mean speed 
of the zonal currents prevailing in summer over 
the Far East 

Although in southern 


the hemisphere a 


smaller number of stations is available, Fig. 2 
shows that the directions of the mean F 
movement are grouped more irregularly. Our 


findings are in agreement with results in eastern 
Australia (Sydney), where the mean zonal drift 
in summer (December-January) occurs from 
E. as given by J. A. Harvey who used a 
system of spaced pulse transmitters and a 
central recorder 

By our interpretation of the time displace- 
ment for the M(f,F.) we are led to assume that 
high values of f,£. in non-equatorial lati- 
tudes are generally generated by strong winds 


very 
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THE THERMAL RADIATION OF THE MOON AT 1420 Me's 


P. G. MEZGER and H. STRASSL 
Department of Radioastronomy, Bonn University Observatory 
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Measurements of the thermal radiation of the moon at 1420 Mc/s have been made 


Printed in Great Britain 


The measurements 


cover about lunations (30 April to 22 July 1958). The observations and their reduction are 
described in detail. It is found that within the working accuracy of about 2 per cent 
relatively—the radiation temperature of the moon at 1420 Mc/s shows no variation with the 
phase of the moon This may be explained by the fact that the observed radiation has its 
origin at some depth underneath the moon's surface where the periodic variations of heating 
from the sun nave become insignincant 

The mean value of the radiation temperature at 1420 Mc/s found to be 250°2° with an 


estimated absolute uncertainty of about 12 


1. INTRODUCTION 


For an observer of the optical radiation the 
moon works as a reflector of sunlight. As 
opposed to this, at long infra-red and radio wave 
lengths the moon radiates more or less exactly 
as a black body, corresponding to its surface 
temperature. Here, the of solar 
radiation reflected by the negligible 
compared with its thermal radio radiation 

One-half 
heated by radiation from the sun; that part of the 


imount radio 


moon 1s 
f the moon's surface is continually 
surface that is exp ised to the radiation moves 
round the Owing to the 
lack of a thermally compensating atmosphere, 
the shadow Part 
of the heat which is generated immediately at 


moon in 29°53 days 
area will cool very quickly 


the moon’s surface by absorbed solar radiation 
will be re-radiated into space—mainly at infra- 
red and radio wave lengths; the rest will pene- 
trate into the moon's interior as a strongly 
attenuated For quantitative treatment 
of this problem, a solution of the equation of 
heat conduction is to be found for the boundary 
values at the moon's surface which are given 
by the insulation on one hand, and by re- 
radiation of surface heat according to Stefan 
Boltzmann’s law on the other. By appropriate 


wave 


selection of thermal conductivity k, density p, 
and specific heat capacity s of the moon's 
surface 


in the solution these constants appear 


213 


per cent 


combined to (kps) Wesselink''’ reached a 
good agreement between the computed tem- 
perature variation and that variation of long- 
wave infra-red radiation temperature that was 
observed during a lunar eclipse, or during a 
lunation, respectively ” 

[he variation of temperature distribution, the 
period of which is the synodic month (29-53 
days), will, in the stationary case, cause periodi- 
cally varying temperatures in the deeper layers 
below the moon’s surface, too. Mathematically, 
the connexion between the temperature distri- 
bution 7'(6,f) at the and the 
temperature distribution 7'(x,1) at a depth of 
the surface is expressed by the 


moon's surface 


rem below 


Fourier series 


x 
r(x. T,, exp { cos — 
(1) 
where 27 /P=Q=2:66 x 10~* sec 
72) 


The surface temperature variation, therefore, 
propagates into the moon’s interior in the form 
of strongly attenuated heat waves with a phase 
lag of &,x* against the original temperature 
distribution at the surface. Amplitude attenu- 
ating and phase shift are much more pronounced 
for the higher waves; accordingly, from a 
certain depth inwards the temperature distri- 


= 
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bution will be given by the fundamental wave 
n=1 exclusively. At a depth of /=27/8, even 
the amplitude of the fundamental wave is 
reduced to (2 per cent; thus, the constant 
temperature 7 =7,, will occur there. From the 
values given by Wesselink k= 16 10°*, p=2-0, 
s=0-2 this so-called “heat wavelength” for 
the period of a synodic month is found to be 
14-Scm. 

A quantitative interpretation of the thermal 
radio radiation is much more complicated than 
the interpretation of the infra-red radiation. 
Since the upper layers of the moon's surface are 
partially transparent for radio waves, the 
observed radio radiation temperature is com- 
posed of amounts from all layers according to 


(2) 


where z is the electric absorption coefficient of 
the lunar material for the observed radio wave- 
length. The longer the radio wavelength, the 
greater the depth of the layer which contributes 
most to the observed radiation temperature. 
This explains why the infra-red radiation varies 
strongly during a lunar eclipse, whereas the 
thermal radio radiation remains constant at the 
wavelength of 8 mm“? as well as of 21 cm.'’'* 
using Wesselink’s method of 
calculation, and taking into account equation 
(2) has computed a series of curves for the 
variation of the thermal radiation of the moon 
in the vicinity of the moon's centre. He con- 
sidered two possible models of the lunar surface: 
(1) homogeneous surface layer with 
= 1000 (Wesselink), 


(2) A surface laver of better heat con- 
ductivity, superposed by a thin dust layer 
of bad heat conductivity. 


The results of his calculations are given as 
series of curves, with the electric absorption 
coefficient as parameter in case | and, besides, 
the thickness of the dust laver in case 2. This 
second model had for the first time been 


According to Wesselink, the wavelength of the 
heat wave at a lunar eclipse is found to be 1:3 cm for 
n=] 
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proposed by Piddington and Minnett who 
tried therewith to explain the results of their 
measurements at \=1:25cm. Recent measure- 
ments by Gibson’, however, made at 8mm, 
are more in favour of model | with a value 
of (kps)-'=1000, in good agreement with 
Wesselink’s results from the infra-red obser- 
vations 

Unfortunately, a comparison of the variation 
of the microwave radiation temperature (which 
was calculated by Jaeger for the next vicinity 
of the moon's centre) with observations is 
severely handicapped by the fact that, apart 
from millimetre waves, the angular resolving 
power of the radio telescopes is so bad that the 
observed antenna temperature corresponds to 
a value 


integrated over the whole disk of the moon. 
Here f(o, #) gives the aerial diagram, 7, (9, 
is the distribution of radiation temperature over 
the moon's disk, G, is the antenna gain. As to 
the distribution T7.(o,%), Piddington and 
Minnett used a formula with symmetry to the 


moon's equator: 
“~ 


] cos'e[1+ a, (4) 


1 


T,cos' o[1+a, cosQ(t—t,)+...] 


The formula had been suggested by infra-red 
observations. Here “r is the selenographic 
longitude of the centre of the moon’s disk, 
reckoned from the subsolar point, © is the 
selenographic latitude. The phase shifts {r,,, 
the amplitudes a,.7, and 7, itself are to be 
found from the observations. For the radiation 
temperature at the wavelength 1-25 cm, reduced 
to the moon's equator, Piddington and Minnett 
found* 


249 + 52 (5) 
Later on, Troitzky®’ (3:3.cm), Seeger’'’ (400 
Mc/s), and Denisse and Le Roux (900 M 


obtained the result that, within the accuracy of 
measurement, there is no variation of the 


* Furthermore, the radiation temperatures were 
reduced for an emission coefficient of 0-9 
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moon's radio radiation with phase. The radi- 
ation temperatures, as given by the various 
authors, differ considerably from one another; 
perhaps this may be caused by differing 
methods of reduction. 

Most of the observations of the moon’s 
thermal radio radiation have been made with 
relatively small radio telescopes; variations of 
the radiation temperature of less than 10 per 
cent could, therefore, not have been observed. 
With the 25m Bonn telescope a determination 
of the moon’s radiation temperature at 21 cm 
should be possible with an uncertainty of + 1-5 
per cent. 


2. THE 25 m RADIO TELESCOPE AND ITS 
CALIBRATION 

Our observations of the moon’s thermal radio 
radiation were made with the continuum 
receiver of the 25m telescope of the Stockert 
radio observatory; the bandwidth is 0-9 Mc/s. 
We took the central band frequency of 1419 
Mc/s. A _ band filter between antenna and 
receiver input suppresses harmonics and the 
image frequencies. A detailed description of 
the whole radio telescope and, especially, of 
the receiver is given in references 13 and 14. 
The aerial temperature is calibrated by means 


i 


Fig. 1 
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of a noise diode; this, via a directional coupler, 
can be connected to the receiver input 
simultaneously with the antenna; calibration, 
therefore, takes place at the working point of 
the temperature—voltage characteristic of the 
receiver. The noise diode itself is calibrated by 
a heatable absorber, this calibration being 
independent of the temperature—voltage 
characteristic. 

The aerial diagram of the 25m paraboloidal 
reflector can be approximated by its main lobe 
diagram f,, and a stray lobe diagram, which is 
homogeneously distributed over the sphere. 
For the main lobe we have the very good 
approximation 
f,, —exp| 


at 1419 Mc/s 
(6a) 


3= 19-5’ 


Fig. | shows the position of the £, » co-ordinate 
system with respect to the dipole, and to the 
azimuthal co-ordinate system a, h, respectively 
The stray factor had been found to be 

B,=0°25 (+8 per cent) (6b) 
For the total gain of the antenna we get, there- 
fore, 


7-38 10*(+8percent) (7) 


\ é 7 


Half - power elliose of 


+777, 


Position of antenna, moon, and azimuthal 


co-ordinate system during a passage of moon. For 


simplicity of 
assumed parallel to 


calculation, 


the moon's path is 


'|—axis at passage. 
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The calibration of the antenna temperature 
and the absolute calibration of the antenna 
have been thoroughly explained in reference 15 


3. METHOD OF OBSERVATION AND 
MEASURED AERIAL TEMPERATURES 

Neither the main lobe diagram (6a) nor the 
distribution of radiation temperature over the 
moon's disk (4) are functions of rotational 
symmetry. The value of the integral (3) which 
gives the observed aerial temperature will, 
therefore, depend on the angle between the 
moon's equator and the main axes of the aerial 
diagram (Fig. 1), too. But for every day (with 
very few exceptions) there will be one moment 
when the moon's equator is parallel to toe 
horizon and, therefore, to the magnetic plane 
(€¢=0) of the antenna. This point of the daily 
path of the moon does generally not coincide 
with the moon's upper transit; it is determined 
by the condition that the position angle of the 
moon's rotational axis shall be equal to the 
parallactic angle of the moon; for our geo- 
graphic latitude this can occur within about 
2) hr before and after upper transit. For the 
observations, the moon's position (a and /) was 
calculated for this moment as well as for the 
moments 15 min before and after, and the radio 
telescope was pointed accordingly and fixed 
Seventy-three sets of observations covering 
approximately three lunations were made from 
*) April to 22 July 1958, each of the 3 = 73 
observations consisting in recording a drift 
curve of the passage of the moon 

The low-pass filter has a time constant of 
r=3sec; the maximum value of antenna 
temperature will, therefore, be diminished by 
less than 0-5 per cent, and the time shift of the 
central ordinate in the drift curve will be about 


3 sec, '* which is of negligible influence on the 
results. The mean square scattering of the 
measurements, corresponding to +=3sec, is 
AT = +0°5°K; for an observed average antenna 


temperature of 73°K this means about 0-75 per 
cent. From an estimation of the errors resulting 
from the limited positional accuracy of the 
radio telescope, we get — 1:5 per cent; the total 
error of the relative results of the measurements 
is, therefore, expected to be between — 2°25 and 
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+O-75 per cent. In Fig. 2 a typical recording 
of a passage of the moon is given. At that 
moment, when the principal direction of the 
antenna coincided with the centre of the moon's 
disk, a mark was put on the drifting curve. In 
Fig. 3 the main content of Table | is given in 
graphic form 


4. REDUCTION OF ANTENNA TEMPERATURE 
rO RADIATION TEMPERATURE AT THE 
CENTRE OF THE MOON'S DISK 

Assuming the above-mentioned approximate 
representation of the aerial diagram—which, as 
has been said, is highly satisfactory—we get 
from (3) 


Here the spherical co-ordinates o, 4 have been 
replaced by the cartesian co-ordinates £, », 
expressed in minutes of arc: this can be done 
since we are dealing with small angles only 
As infra-red observations have shown, the 
isothermal curves on the moon's surface are 
concentric circles around the subsolar point, 
the surface temperature varying according to 
the law 7 =T,cos'« where 7, =radiation tem- 
perature at subsolar point, angle between 
normal! line at subsolar point and normal line 
of surface element under observation. Even 
Piddington and Minnett’s formula (4) is an 
approximation for the results of infra-red 
observations. In order to make the evaluation 
of the integral (8) as simple as possible, we 
take a co-ordinate system on the moon's 
disk in such a way that its origin coincides with 
the centre of the disk, and the »’-axis with the 
moon's equator. Formula (4) for the tempera- 
ture distribution on the disk is modified as 
follows: 


{140 
«(I +sinO(r—r,) | (8a) 


where R— the moon's semidiameter (minutes of 
arc), {2=27/P with P=synodic month, t=time 


cos (ft —f,) 
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(t=0 at full moon); 1, is introduced to account 
for a possible time shift of radio radiation 
maximum after optical full moon. 


According to this formula, the isothermal 
curves on the moon's surface are no longer 
assumed to coincide with the curves of constant 
selenographic longitude, but with the straight 
lines normal to the moon’s equator € =const. 
This assumption is believed to be sufficient for 
our purposes. The exact form of the distri- 
bution function at radio wavelengths is 
unknown; moreover, here the amplitude a of 
the variations with time is generally so small 
that the moon radiates rather as a disk of nearly 
uniform brightness. Taking (1—€°/R*)' for 
the variation of radiation temperature with 
selenographic latitude, we have a difference of 
less than | per cent in aerial temperature in 
comparison with the case of uniform brightness. 


The daily times of the observations have been 
so chosen (Section 3) that the magnetic plane 
of the aerial was parallel to the moon's equator. 
The aerial-fixed co-ordinate system €'y’, there- 
fore, has only a parallel shift against the moon- 
fixed system €) during a passage of the moon. 
Supposing for simplicity that the moon passes 
the aerial exactly in the direction of the moon’s 
equator, i.e. along the horizontal line € = ¢’=0,* 
the aerial temperature during a passage can be 
written as 


(n) | | 7. exp { 


() ) , 
- (9) 


where 7, (¢'y') is the function described above. 
It is not possible to give an exact evaluation of 
this integral; we have made an approximate 
evaluation by series. For that moment when 
the principal aerial direction points to the 
moon's centre (y=0)—this was always marked 
in our recordings—the calculation yields (cf. 
Appendix) 


* Asa matter of fact, in our observations the moon's 
path can be inclined up to about +25° against its 
equator 
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T(1—B) 7287, d 
R 
2(n+ 3) 
n+3 ] 
\8 (n)| 1 (2n + 5) (2n+ 6) 

n+4 R*) 

0 

(2n +7) (2n+8) (10) 


|} tacos!i(t—f,) 


The formulae for the coefficients of the 
expansion are also given in the Appendix. The 
apparent radius of the moon varies with time 
by about 20 per cent; its value is to be taken 
from an astronomical yearbook for every 
observation. For the observing station we have 
then 


R R, arbook 7 0) 257’ sin h 


The convergence of the series (10) depends upon 
the ratio of the moon's radius to the stray para- 
meters 2, 2 of the aerial main lobe; in the 
present case the series still converges very well. 
We used a constant average moon radius 
R=15-75' in all terms of the expansion, the 
influence of which on the final result is small. 
Taking 2=24-6', 8@=19-5S’ (6a), and 8,=0-25 
(6b), we get numerically 


We should like to emphasize again that, 
strictly speaking, this relation applies to the 
aerial temperature at that moment when the 
principal aerial direction points to the centre of 
the moon's disk. In the general case, there is 
no need for this aerial temperature to be 
identical with the maximum aerial temperature 
for a passage. 

Now we are faced with the problem to find 
such values of 7,, a and ¢,, that the observed 
aerial temperatures (Fig. 3) are represented as 
well as possible by relation (10a), where ¢ is 
reckoned from full moon and R is also a 
function of ¢. Starting with a=0 as a first 
approximation, we got immediately a very good 
agreement between observation and calculation. 
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Fig. 3. Bottom: Aerial temperatures T , 


Middle: 


Correcting function © (R) 


Top: Radiation temperatures of the 


We have, therefore, 7,=7,, and the moon's 
radio radiation temperature at 21 cm is constant 
all over the moon’s equator. From (10a) we 
get witha=0: 


R 


1-01 0-25 


0-75 
( 


The “correcting function” “(R) was calcu- 
lated for every observation; it is plotted in 
Fig. 3. From Fig. 3 it can be seen that the 
variations with time of the functions 7, and 
 (R) are nearly symmetrical. 

Multiplying the seventy-three individual 
values of T, by the corresponding values of 
 (R) (cf. Table 1) and taking the mean of the 
products, we get 


per cent relatively _,, 


: (12 per cent absolutely 


The deviations (T'y—7T)/Tw, expressed as 
percentages, are plotted in Fig. 4 against phases 


moon Ty 


T, 


There is no 


of the moon. indication of a 
perodic effect in these deviations. Since 
positional errors of the radio telescope work 
always in the direction of lowering the resulting 
temperatures, the true radiation temperature of 
the moon may possibly be 1-2°K higher than 
(12). As opposed to the relative accuracy of 
+2 per cent, an estimation of the calibration 
errors for aerial temperature and aerial'’®’ yields 
a value of +12 per cent for the absolute 
uncertainty of our result 

We have tacitly regarded the moon as a black 
body, at least for microwaves. As a matter of 
fact, radar observations have shown that the 
reflection coefficient of the moon has very small 
values for microwaves and is doubtlessly smaller 
than the amount r=! 0-1 which was used 
by Piddington and Minnett in the reduction of 
their measurements. 


5. DISCUSSION OF THE RESULT 
Observations of the moon's radio radiation 
have been made by various authors; the 


measurings cover the wavelength interval from 
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Fig. 4 
peratures T 


and H 


from the mean radiation temperature 


STRASSI 


Deviations of the moon's radiation tem- 


T 250-2 °K given in per cent 


1. Lunation 1958 
2. Lunation 1958 
1958 


3. Lunation 


Lunation 1958 Ju 


Apri! 30—-May 18 
May 18—June 17 
June 17-July 16 
ly 16~-J 


ly 22 


71 per cent of all deviations are within 2 


8mm to 75cm. The principal qualitative results 
of these observations are given in Table 2 


4 variation of the radiation temperature at 
centre of the moon's disk during a lunation 
has with certainty hitherto been found only by 
yhservers working at shorter wavelengths (8 mm 
und 1-25 cm) \ the radiation 
temperature during a lunar eclipse has been 
ybserved in the infra-red In this con- 
nexion it may be mentioned that the lunar 
eclipse of 13/14 June 1957 was observed with 
the Stockert radio telescope at 21cm during 
its proper duration and during the two preced- 
ing and the two following hours. The measure- 
ments were made by recording drift curves as 
well as with optical guiding. No measurable 
variation of the thermal radio radiation 
found. This result is in agreement with that of 
Gibson’ at 8mm. The variation of the thermal 
infra-red radiation during a lunar eclipse is 
ibout as strong as during a lunation ' 


the 


variation of 


only 


was 


made a 
thorough investigation of Wesselink’s one layer 


On the theoretical side, Jaeger 


model '’ and of Piddington—Minnett’s two layer 
model of the moon's surface. It was found 
that the thermal microwave radiation is influ- 
enced by one more material constant, the 
attenuating constant for the respective wave- 
length. A penetrating limit x for microwaves 
is defined by z,..=1. Conversely it is to be 
assumed that the essential part of the moon’s 
thermal radiation at a certain wavelength has 
its origin at a depth which approximately 
equals the penetrating limit. Various authors 
have given the following penetrating limits: 


Observer Wavelength Penetrating limit 
Gibson 8 mm 3:37 cm 
Tromzky 1-25 cm 33 cm 
Piddineton 125 cm 40 cm 
Troitzky 32 cm 87 cm 
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QOur result, constancy of the moon's radiation 


Tr. (€.)=T, (1 cos ()(r—t,) 
at 21cm, cannot help to decide which of the of rn) 


models gives the truer picture of the moon's 

surface. Obviously, the radio radiation at (! R ) +sin | 
wavelengths of about 20cm and longer origin- - 

ates in layers so far beneath the surface that We restrict ourselves to passages of the moon 
the periodic heat waves are completely attenu- Parallel to the »~ axis; the convolution, therefore, is 


working e »~—co-ordinate alone. Integrating over 
ated there At a depth x=/=2t/p,"’ the so- * king in th ordinate alone ce ee 


called “heat wavelength”, the fundamental 
wave of the surface temperature distribution is 
attenuated to 10~° of its amount. This heat j exp | 
wavelength gives us a lower limit for the depth R so 
where the moon's decimeter radio radiation has ' 1 oR 
its origin. The limiting cases of the models { {! ) ——; (! aa) 
which have hitherto been taken into consider- . 
ation, are one layer models with the values with C 
(kes) 120 and (kps) 1000 For these " al(h+t—a) 
models, the heat wavelength and, accordingly, 
the lower limit for the emitting layer is calcu- 
lated to be Scm and 14-5 cm, respectively exp (—£2/a2)=1 - + 
Our value of 250°K for the radiation tem- 

perature at the centre of the moon's disk is in 
good agreement with the values of most of the en \ ) — x) 
other observers. The values of Troitzky and 
Akabane seem hardly to be real. Perhaps the ona 

decline of measured radiation temperatures with ae 


we get 


Here the expansions 


ure used. With »/R=y we eet for the convolution 


lower frequencies is due to the difficulties in T. wWT.a-8) dy exp 4 vy } 
isolating the moon's radiation from under- 


ground radiation : 
a 1 0 


tcl ements—With a part of the observations we Where I (y’)(1+a{. . .)] is for >! 
were helped by Dr. Grah!l and Messrs. Schafer and The last formula will be expressed as a Fourier 
Schnakenburg. Our special thanks are duc to Prof. integral. With 

F. Becker for stimulatine and furthering the work 


APPENDIX 
EVALUATION OF THE CONVOLUTION R thexp ( — x°87/4R*)cos x) 
INTEGRAL (9) sin xy=8/R-° /4R*)sin 


n thr 


ugh the aerial diagram 


is mathemat it epres nted as cont f the 


erial diagram (¢ vith the distribution of the T. oR? 22 
diation temperature on the moon's disk 1x exp ( aR ) 
T, | | X[e, (x) cos xy +e (x) sin xy) | 
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The functions eg, (x), 2, (x) can be represented by 
(13) combinations og Bessel functions.''*) The latter will 


be expanded in series and stopped after the second 
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we took the formula (Section TV) term. Then, inteerals of the form 
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(2n +4)! 
2n+3 [(n +2)!}? 
(n+3) 


(2n + 6)!'(2n +3) 


The maximum of the drift curve is easier to observe 
than the aerial temperature at that moment when the 
principal direction of the aerial points exactly to the 
centre of the moon's disk. But the reduction of such 
observations by using the convolution integral (13) is 
more laborious than the case 7=0 (15). Only for 
a=(0 the two aerial temperatures become equal: 
T4(0) Taking «=24 6’, j=19°S’ for the 
main lobe of the aerial, @. (stray factor of aerial) 

025, and assuming a constant apparent radius of the 
moon R=15-75’ for all terms in (15) whose influence 
on the result is small, we get for the reduction of our 
measurements the numerical relation: 


, 0) { 1-01 o2s(* +4) 

+a 0 79 cos (Xt (16) 


Here 7, (0) is the observed acrial temperature, T, is 
the moon’s radiation temperature at an equatorial 
point 90° from the subsolar point, a is the amplitude 
of the moon's temperature variation with time. 
takes into account a possible phase shift between the 
electric and the optical full moon. The three para- 
meters are to be so chosen that the observed aerial 
temperatures are represented by (16) as well as 
possible 
In our case, a=0, formula (16) reduces to 


[101 (1238) (Le an 


| R 
where the mean radius of the moon is R 15°75’ and 
the variations AR are at maximum AR 0°65 


during a lunation. From (16) or (17) we get the 


important result that the variation of the distance 
with time from the observer to the moon and. accord- 
ingly, the variation of the moon's ipparent diameter 
does influence the result the more. the wider the aerial 
beam is For R R/f’ | the observed aerial 
temperature is altered by S per cent during one 
lunation; in our case this alteration is smaller by the 


factor 


_{R R? } 


le, +6 per cent at maximum 


B. (n)= 
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For the coefficients of this expansion we have 
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Abstract—A systematic study has been initiated for the purpose of better understanding the 


Printed in Great Britain. 


ELECTRON 


problems associated with the creation of artificial electron clouds in the upper atmosphere. A 
series of eight rocket experiments has been performed whereby artificial electron clouds were 


produced between 70 km and 130 km 


are discussed, and included is a method of correlating both optical and radio-radar data. 


The ground-based detection networks that were employed 


This 


affords a new dimension for propagation and upper atmospheric studies. This paper, the first 
of a series, is devoted to summarizing the overall concepts, methods and techniques, and 


operating procedures employed in this study 


It includes tabulated summaries of the various 


optical and radio-radar detection data in addition to some scientific uses of artificial electron 


clouds. The subsequent papers of this 
pertaining to much of the data outlined here. 


1. BACKGROUND AND EVOLUTION 


A series of eight successful experiments has 
been performed in which chemical constituents 
have been released into the upper atmosphere 
with the aid of vertical probe rockets for the 
purpose of creating artificial electron clouds. 
These exploratory experiments have established 
the foundation of a new technique of study of 
physical and chemical processes associated with 
the earth's upper atmosphere. A _ substantial 
amount of qualitative and quantitative data has 
been obtained from each of these experiments 
pertinent to the studies of upper atmospheric 
winds, diffusion, microscopic cross-section 
values (electron attachment, ion-electron recom- 
bination, charge exchange, etc.), chemical con- 
sumption, expansion of high-pressure gases 
into an attenuated atmosphere, electromagnetic 
propagation research and implications, iono- 
spheric research, thermo-chemical and explosive 
effects, etc. 

The intent in submitting this preliminary 
report is concisely to present the experimental 
facts, methods of detection and overall results 


series 


997 


offer detailed discussion and conclusions 


of all the experiments to date. A series of 
papers covering detailed considerations of the 
associated chemical and physical processes as 
well as the interpretation of the extensive data 
that was accumulated is in preparation. It is 
anticipated that subsequent papers will appear 
in this journal in the immediate future. Another 
scientific paper covering the details of all the 
experimental procedures and the optical and 
radar ground-based instrumentation is in 
preparation. This series will also concern itself 
with logical extensions of this area of research 
as described in suggested experiments and 
methods of approach. 

The first of these experiments, conducted 
in March 1956, in which 18 Ib (275 moles) of 
nitric oxide gas was released from high-pressure 
containers at an altitude of 95km has been 
previously reported."'? The success of this 
experiment whereby an artificial electron cloud 
with an initial average density of about 4 = 10° 


* Presently associated with Geophysics Corporation 
of America. 700 Commonwealth Avenue, Boston 15, 
Massachusetts. 
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electrons per cm* was detected for more than 
10 min by radar techniques indicated that it 
would be feasible to use other contaminants to 
create artificial electron clouds at various 
altitudes with a wide range of densities, time 
duration, size, shape and other parameters. 
Logically, a systematically planned series of 
experiments was initiated in order to study the 
basic characteristics and effects of electron 
clouds with certain predetermined character- 
istics. 


The sequence and eventual evolution of the 
series performed was based on the examination 
of results and the quest for specific geophysical 
and electromagnetic propagation data. 


Examination of the photo-ionization cross- 
section data of various constituents and the 
character of the solar flux and other parameters 
indicated that the alkali metal elements as a 
family offered a particularly high potential for 
obtaining high density, long-lived electron 
clouds at altitudes between 70 and 200 km with 
presently available techniques. In addition, it 
was felt advantageous to keep this systematic 
study confined to one given chemical family: 
this affords many advantages. Thus, it was 
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decided to utilize only the alkali metals (Cs, K 
and Na) throughout these initial experiments. 
The alkali metal vapors have characteristic, very 
low ionization potentials (2400 A to 3200 A) 
which fall into the spectral region where the 
solar photon flux averages about 5x 10" 
photons/A cm® sec. Since cesium possesses 
the lowest ionization potential of the family, an 
Aerobee rocket experiment was performed in 
September 1957, whereby 110 moles was 
scheduled to be released at an altitude of about 
120km. The experiment was unsuccessful in 
that the material was not released due to 
mechanical failure of both the primary and 
back-up release mechanisms. 

Previous scheduling had called for a release 
of potassium vapor during the month of 
November 1957. There was no opportunity to 
reschedule the unsuccessful cesium experiment 
due to relatively difficult delivery problems: 
therefore, it was decided to continue the original 
schedule. A successful release of a payload 
containing 153 moles of potassium was accom- 
plished from an Aerobee at 121 km. This 
flight occurred at about 0932 MST on 19 
November 1957; it is represented by entry 
number | in Table |. The electron cloud 


Table 1. Summary of Upper Atmospheric Artificial lonization Experiments Conducted at 


No Date Study constituent 


| 19 Nov. 1957 Potassium 
2 20 May 1958 Cesium + 
10% sodium 
3 21 May 1958 Cesium + 
sodium 

4 22 May 1958 Sodium 

5 15 Sept. 1958 Cesium 

6 16 Sept. 1958 Cesium 

7 18 Sept. 1958 Cesium 


19 Sept. 1957 Cesium 


12 March 1956 


Nitric oxide 


The following experiment was performed but was unsuccessful due to mechanical failure: 


The following was the initial experiment previously reported: 


300 


Holloman Air Force Base in New Mexico 


Approx Release 


Moles release time altitude Vehicle 


(MST) (km) 


153 (9932 121 Aerobee 
Cs-43 0245 101 Nike-Cajun 
‘s-46 0434 128 Nike-Cajun 
61 0432 116 Nike-Cajun 
27 0934 Nike-Cajun 
22 0933 69 Nike-Cajun 
0953 9] Nike-Cajun 


110 0930 Aerobee 


1415 95 Aerobee 
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Fig. 1. lonogram obtained 30 min. after chemical release as recorded bv C-3 vertical ionosonde located 
at White Sands Proving Ground, New Mexico, for experiment conducted in November 1957 This 
display depicts the slant range vs. maximum frequency. Each altitude marker represents 100 km. where- 
as the frequency scale goes from 1 to 25 Mcs. The artificial cloud is shown between the normal E-and 


F-regions at about 170 km slant range. The maximum frequency return is about 8 Mc s 


Fig. 2. Photographs taken from television screen of Lumicon depicting the dynamics of cloud form- 
ation for experiment conducted 21 May 1958. The picture (a) was obtained 2 sec. after chemical 
release, (b) and (c) after 1 min. and 2 min., respectively 
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formed from this experiment was readily 
detected by conventional radar techniques. 
Fig. | depicts one of the more interesting 


representative pieces of data. This result is an 
ionogram obtained from a C-3 vertical iono- 
sonde located at White Sands Proving Grounds, 
New Mexico, and clearly shows the detection 
of the man-made cloud lying between the 
normal E- and F-layer (at about 170 km slant 
range) at 30 min after chemical release. 

he interpretation of the results pertinent to 
the ionized cloud which was formed in this 
experiment suggested that some additional 
process to photo-ionization was responsible for 
the initial electron production. The chemical 
nature of the experimental method indicated 
that the effect could be due to thermal ioni- 
zation. In order to examine this important 
effect, an experiment was devised in which 
atomic cesium would be released during the 
night-time hours to eliminate the role of solar 
photo-ionizing flux. The choice of the element 
arose from the consideration that at a given 
temperature within the range considered, cesium 
should produce considerably more thermal 
electrons than other constituents of the alkali 
metal family; thus, a maximum type effect could 
be anticipated. In addition, since this was a 
night-time release, it was considered possible to 
produce an easily visible and photographed 
cloud. Some of the obvious advantages gained 
by optical detection are accurate determination 
of release altitudes by triangulation optics, 
correlation of radar returns as a function of 
cloud size and shape, determination of yield 
and chemical rates, wind and diffusion data, 
and spectral characteristics of the emission. 
The method employed for rendering the cloud 
visible was to ““dope’’ the cesium release with 
about 10 per cent sodium that the latter 
would react in a chemiluminescent manner with 
the ambient atomic oxygen in the upper atmos- 
(maximum number density at about 
The chemistry and physics associated 
i filament 
has been 


SO 


phere 
100 km) 
with the release of sodium vapor in 
fashion in the upper atmosphere 
reported by Bedinger ef al One additional 
feature should be mentioned here. It was anti- 
cipated that a systematic study of the type 


ELECTRON CLOUDS 


I 229 


described here could require a large number of 


rockets. The result of the 17 November 
Aerobee flight suggested the feasibility of 
utilizing the smaller Nike-Cajun two-stage 
rocket. The advantages obtained include lower 


cost, ease of handling at launching, solid fuel 
and superior trajectory characteristics. How- 
ever, it is clear that for maximal-type electron 
clouds the sacrifice of larger payload is recog- 
nized. The Aerobee’s instrumented payload is 
capable of carrying aloft about 3 times more 
constituent. In spite of this, it was decided to 
utilize the Nike-Cajun vehicle whenever feasible. 
This will be the case in all subsequent probes 
reported in this series. The successful release 
of this cesium—sodium mixture was accom- 
plished from a Nike-Cajun rocket at an altitude 
of 101 km at the dark pre-dawn hour of 0245 
MST on 20 May 1958. The electron cloud 
created was detected by radar; the cloud was 
assumed to be due to thermal ionization. It 
was Clearly visible to the naked eye, and photo- 
graphic and spectral data was obtained for as 
long as 6 min. Interpretation of the optical 
data presents the possibility of a study of the 
cloud dynamics versus time, as well as infor- 
mation pertaining to chemical consumption, 
kinetics of the reactions involved, and some of 
the physical processes previously mentioned. 
The next group of experiments of the series 
was concerned primarily with the correlation of 
optical and radar data from ionized clouds as 
formed by solar ionization of alkali metal vapor. 
[his could conveniently be accomplished by 
creating a light-emitting photographic cloud, 
preferably one that emits in the visible. The 
method of rendering the released contaminant 
visible is based upon the detectability of sodium 
resonance radiation against a morning twilight 
sky background.” Again, if merely 
“doped” the chemical payload of cesium com- 
pound with a small amount of sodium, an easily 
observable cloud would be formed. A morning 
twilight release was adopted it was 
essential that the cloud be solar illuminated for 
an extended period and that a reduced intensity 
sky background for the early part of the experi- 
ment exist. Two different experiments were 
performed as part of this phase in solar induced 
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Location Equipment 


Launch site—HAFB (A) 70 KW pulsed radar 23-1 Mc/s, 45 kW—40-7 Mc/s 
and Alamagordo (B) Radars 100 kc—-1 8 kW. 6 Me 2:1 kW, 208 
New Mexico 28 kW 

(C) HAFB frequency monitor station—TV channels 


White Sands Proving (A) C-3 vertical ionosonde 10 kW—1-25 Mc/s 
Ground. New Mexico (B) Dovap net | kW—36-94 Mc s, 125 W—73-88 Mc/s 
Doran net 1:4 kW--132-48 Mc/s. 200 W 264-96 Mc/s 
(C) Acoustical sounding 


Sacramento Peak, New (A) Cossor portable ionosonde 1 kW—1-6-20 Mc/s 
Mexico 


= 


Laredo, Texas. to Transmitter 1-2 mW--201 Me < 
Durango, Colorado (A) Receiver 201 Mc ‘s 
Nevada site (B) Receiver 201 Mc s 
Ltah site (C) Receiver 201 Mc ‘s 
White's City. New Mexico (D) Receiver 201 Mc/s 
Fort Stockton, Texas (E) Receiver 201 Mc/s 


Bon 


Fort Huachuca. Arizona to Transmitter 10 kW-—810 Mc s. 50 W 13-56 Mc's 
Encino, New Mexico (A) Receivers 810 Mc's and 13°56 Mc/s 
Lubbock, Texas (B) Receivers 810 Mc's and 13-56 Me's 
Williams AFB, Arizona (C) Receiver 810 Me ‘s 
(Radio amateur 2? and6ém 
net) 


Tucson, Arizona. to Transmitter 50-01 Mc s (6 m) and 144-01 Mc/s (2 m), 
Roswell, New Mexico 70 kW Radar 23:1 Me s 
Austin. Texas (A) Receiver 50-01 Mc/s 
El! Paso, Texas (B) Receiver 144-01 Me 
(C) Receiver 144-01 Mec « 
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Phoenix, Arizona, to 
Midland, Texas 


Lubbock, Texas, to 
Douglas, Arizona 


* B=Back scatter, F 


Fig. 3. Location and description 
electron clouds 


ionization. A release of a mixture of cesium 
and sodium (2 per cent) was conducted at 
128 km on 21 May 1958, and following that, a 
payload consisting entirely of sodium compound 
was released at 116 km on 22 May 1958. Both 
experiments were successful in that they 
afforded the opportunity of providing good 
photographic and spectral coverage for over 8 
min. Fig. 2 shows a series of three pictures 
obtained on the 21 May experiment using a 
light amplifying unit (Lumicon) capable of 
obtaining series photographs. The first picture 
was obtained 2 sec after release time and the 
latter two show the cloud development after 
|! and 2 min, respectively 


characteristics 
utilization 


The expansion 
indicated and the 
type is obvious 


clearly 
of this 


are 
for data 


The radar results from the former release 
provided positive results for as long as 19 min, 
resulting in valuable correlated radar and optical 
data. The results of the sodium release were 
uniform in that all operating stations reported 
negative radar This negative result 
appears to be in agreement with the deduced 
relative photo-ionization probabilities of Cs, K 
and Na. This further indicates as expected that 
thermal ionization does not play an important 


results 


role for sodium as far as production of a detect- 
able artificial electron cloud ts concerned 


The last series of experiments in this program 
was conducted on September 1958, and per- 
tained to the study of altitude effect of ionized 
cloud formation. These flights were to investi- 
gate the conclusion that there probably exists 
some lower altitude below which the generation 
of a detectable, high-density, long-lived, solar- 
induced artificial electron cloud cannot be 


Transmitter 100 kW 
(A) Receiver 55:26 Mc/s 


Transmitter 216 kW 
(A) Receiver 211:24 Mc/s 
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55°26 Mc/s 


211:24 Mc/s 


Forward scatter 


of ground-based instrumentation used for ionization detection of artificial 
Arrows designate either transmitting and or receiving station. 


achieved; this conclusion was based on argu- 
ments of rate of photo-ionization electron 
production, recombination, electron attachment 
processes and chemical consumption of con- 
taminant. The following approach was taken. 
The first experiment was to be conducted at 
80 km. If positive radar detection results were 
obtained, a similar release at 70 km would be 
attempted. If the latter were positive then a 
release at 60 km would be performed. How- 
ever, if the results of the 70 km release proved 
to be negative, a release at 90 km would be 
attempted in order to complete this investigation 
of the altitude dependence of generation of 
artificial electron clouds. The actual releases 
were performed in succession at 82, 69 and 
91 km, respectively, since a negative result was 
obtained with the 69 km release of cesium. 


2. EXPERIMENTAL FACTS 


Table | is a tabulation of the pertinent data 
pertaining to all the experiments conducted at 
Holloman Air Force Base, New Mexico, for 
the purpose of creating ionized clouds in the 
upper atmosphere 

The basic engineering techniques concerning 
alkali 


stainless steel canister so designed and con- 


the release of metal vapors involved a 
structed as to be employed within the require- 
ments of payload, configuration of nose cone, 
high acceleration and adaptability to the rocket 
body and instrument package 

The alkali metal compounds used for the 


experiments were all nitrates: a discussion of 


the chemistry will be covered in a future paper 


The alkali metal nitrates were intimately mixed 
with aluminium granules, and the chemical mix 
then the canister. The 
actuation of the release mechanism was accom- 


was sealed in steel 
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plished by an accurate timer which ignited two 
squibs imbedded in an igniter mix. The 
altitudes of release were determined by several 
independent techniques including optical 
triangulation, slant-range radar measurements, 
rocket-borne timer in conjunction § with 
trajectory data, etc. In all cases, the altitude 
determinations were in excellent agreement. 


3. EXPERIMENTAL RESULTS 

3.1. lonization detection 

An extensive and elaborate network of radar- 
type equipment was located throughout the 
southwestern part of the United States. The 
map and index depicted in Fig. 3 show the 
locations of all the ground-based ionization 
detection equipment and a brief description of 
their performance capabilities The list is 
divided into categories, i.e. equipment used to 
study back-scatter effects and those used to test 
forward-scatter results 


It is worth noting that the radio amateur nets 
consisted of a group of approximately 650 
participants located within a radius of 700 miles 
from the launch site. An article published in 
OST magazine®’ helped co-ordinate the effort 
Although this method of group participation 
did produce some interesting positive results, 
the difficulties encountered in communication 
from launch site, abnormal hours of flight time 
in certain time belts, and changes of flight data 
and hour curtailed the effort in obtaining a 
maximal effect 


The compilation in Table 2 provides data 
obtained by the various ionization detection 
instrumentation on all the flights. These data 
attempt to give the maximum time of detection 
It should be recognized that all the ground- 
based equipment was not used on any one 
experiment. The omission of an entry means 
that the equipment was not in operation at that 
time; an “X”’ signifies that equipment was 
manned but no results were obtained because 
of mechanical failure or lack of adequate com- 
munication of launch time and duration of 
positive results; and “negative’’ means that no 
results were detected during proper performance 
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of the equipment. Further explanatory remarks 
and notes are encompassed in the tabulation. 


> 


3.2. Optical detection 

The aims and requirements for the use of 
optical detection have been pointed out already. 
Table 3 provides a brief description of the 
equipment used and the respective geographic 
locations. Table 4 provides the information 
pertinent to the maximum time duration that 
gave positive results using optical techniques 
listed in the previous Table. Calibrated 
exposure times were obtained and fast film was 
used wherever applicable. 


4. SOME SCIENTIFIC USES OF ARTIFICIAL 
ELECTRON CLOUDS 

It is clear that there are many possible 
scientific uses of artificial electron clouds. Some 
of these possibilities are outlined below in a 
general fashion. Many of these have been 
successfully executed in the discussed series of 
experiments; others are in the process of 
development. It is felt to be of value to list 
the several possibilities with a very brief sum- 
mary of the salient features. Although the list 
does not pretend to be exhaustive, it is suffi- 
ciently comprehensive for illustration of the 
scope involved 


4.1. Winds 


Winds and wind shear may be obtained 
through the entire height range of creation of 
the artificial electron clouds. Experimentally, 
radar systems giving azimuth and slant range 
with time would be adequate. This radar wind 
system can be in the form of a net or incor- 
porated into a single unit. The use of doppler 
or phase techniques to obtain winds offer 
alternative schemes. In general, those methods 
utilized to measure meteor drift and ionospheric 
irregularities may be modified and adapted, 
except that measurements are no longer 
restricted to heights of meteors or ionospheric 
irregularities 

In addition, the use of experiments with 
properly “doped” contaminants to give strongly 
visible clouds permits a close calibration and 
correlation of the radio-radar techniques for use 
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Table 3. Location (from Launch Site) of Ground-based Optical Detection Equipment 


No Location from launch site Equipment 


! (A) 29-7 mi N—0-6 mi E Three sites, each having two astro ballistic cameras (f/2 
lens) located on HAFB-WSPG range 


a 


(B) 0-4 mi mi E 
(C) 33-5 mi S—1-5 mi W 


35 mi SW 


Baker-Nunn satellite tracking camera (f/1 20-in. aperture) 


3 20 mi E Light amplifying unit (Lumicon) used with an 85 mm f/1°4 
lens 


1S mi E Multicamera Spectrograph consisting of 6 each 35 mm 
cameras fitted with appropriate narrow band pass and other 
filters 


(A) 


30 mi N—5S0 mi W hree sites, each having a 4 in.x$ in. press camera (f/2°8 
lens) 


(B) 7 mi N—25 
(C) 830 mi N 


1S mi 


E Photometer with + degree field of view appropriately fitted 
with filter and sensitive phototube 


7 1S mi E Beattie-Coleman Varitron 35 mm recording camera 


8 IS mi E Spectrograph equipped with Schmidt optical system 


Table 4. Summary of Results of Optical Data Obtained for May 1958 Series of Nike-Cajun 
Experiments 
M=min S=sec equipment not in use 
All designations pertinent to equipment conform with tabu 


lation in Table 3 


Detection equipment results 


insufficient 


data provided 


used yellow 
filter 


3: used narrow 


band filter 
4 xX 45S 12M 6M Iss 4M Same remarks as 


2 


flight 3 


Note: Photometer and Spectrograph could not be used in flights 3 and 4 due to hour of firing 
and subsequent sky background intensity 


{ 
| 
5 = 
2 
Flight 
? 3 4 < 6 
2 6M 25S 40S 6M 6M 41M 6M 46: 
exposure 
3 X 2S 6M Iss 2M 
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under those conditions for determining winds 
when the clouds are not visible 


4.2. Diffusion and related processes 

The data from radio-radar reflections from 
the cloud can be applied to determinations of 
the diffusion coefficients: the methods employed 
are similar to those used in meteor trail studies. 
In addition, it is possible to obtain data concern- 
ing the changing shape of the cloud with time 
and hence the variation of diffusion with 
direction. Here, again, value of the correlation 
with optical coverage is re-emphasized 

Some of the problems in which the above 
data can be of value include: the magnetic field 
alignment of ionization, the importance of 
ambi-polar diffusion and the relative importance 
of molecular versus turbulent diffusion. Infor- 
mation on the latter is intimately related to the 
energy spectrum associated with the turbulent 
eddies in the atmosphere 


4.3. Atomic and molecular cross sections 

Examination of the dynamic equations for 
the controlling processes involved in the forma- 
tion of these clouds indicates the several atomic 
and molecular processes involved. It is clear 
that by judicious experimental design one or 
several of these processes can be minimized or 
maximized for conveniently examining the 
process of interest. Some of the processes 
whose cross-section may be evaluated include: 
photo-ionization, photodetachment, recombin- 
ation, attachment, charge transfer and chemical 
reaction cross-sections. It should be mentioned 
that a wide latitude of experimental control is 
available. For example, this latitude derives 
from the choice of chemical contaminant, alti- 
tude, payload, geometry of release and magni- 
tude of photon flux (night, twilight or day), 
including the use of atmospheric screening 
regions (e.g. ozone) to filter unwanted radi- 
ations. Other controls exist, but the above 
suffices to illustrate the extent of the latitude 
available. 


4.4. lonospheric structure 
Since the natural ionosphere serves as a back- 
ground against which experiments of artificial 
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electron clouds are performed it can be expected 
that there will be compound interactions 
between the artificial electron clouds and the 
ambient ionospheric plasma. For example, in 
these experiments it has been noted that 
multiple reflections from the artificial cloud to 
the various ionospheric strata have been 
observed. In addition, cusping of the low- 
frequency end of the echo from the artificial 
cloud (as illustrated in Fig. 1) can be utilized 
to obtain information regarding the electron 
density gradients existent in the natural iono- 
sphere. With the use of more sophisticated 
coverage it is felt that other, perhaps more 
subtle, phenomena may be uncovered. 
4.5. Tool for electromagnetic propagation 

research 

At present, controversies exist related to the 
propagation of electromagnetic radiation via 
electron distributions in the atmosphere. The 
artificial electron cloud offers the opportunity of 
setting up a controlled target of appropriate 
design characteristics in order to check various 
theories of scattering, reflection, etc., of natur- 
ally or artificially present electron distributions 
in the atmosphere. One of the unique character- 
istics of this tool is the possibility of obtaining 
simultaneous optical and radar data thus afford- 
ing a new dimension in experimental propa- 
gation studies. 


4.6. Measurements of atmospheric parameters 
The atmospheric parameters of pressure, 
density and temperature certainly invoke some 
degree of control over the initial size of the 
electron cloud and its subsequent behavior with 
time. A detailed understanding of the physics 
and dynamics of the cloud should offer an 
opportunity for improving our knowledge con- 
cerning these aforementioned parameters. 


4.7. Expansion of high-pressure gases into an 
attenuated atmosphere 

The dynamics of the fast initial expansion 

phase of the released gas can be examined by 


conventional detection schemes. Similar related 
problems have been studied by other techniques 
but are often limited to those regimes where 
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the mean free paths involved are smaller than 
the geometrical dimensions of the system. Here, 
the opportunity exists for examining this 
phenomena under a wide varying range of mean 
free paths. Again, optical coverage, when 


possible, affords valuable correlation data 


4.8. Thermochemical phenomena 

In many instances the creation of artificial 
electron clouds utilizes complicated chemical 
systems in order to produce atoms, molecules 
and/or ton electron pairs. In many cases the 
system in question is not capable of satisfactory 
analysis by conventional methods. However, 
it is often possible to obtain radio-radar and 
optical data on electron clouds which give 
experimental information as to the processes 
which have occurred in the selected reaction 
he identification and yield determination of the 
final products is then used for elucidation of 
the chemical and thermal processes involved. 
This method is illustrated in a future paper 
associated with the thermal production of ion 
electron clouds. 


5. CONCLUSIONS 

This series of experiments has served to 
establish the fact that artificial electron clouds 
provide a new, fertile tool for research in the 
fields of upper atmospheric studies and electro- 
magnetic propagation techniques. Several peri- 
pheral scientific areas can also benefit from 
findings associated with electron cloud studies. 
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The detailed justification of this viewpoint will 
be offered by the subsequent papers of this series 
which analyze the results obtained to date 
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During the Fall 1958 URSI meeting at 
Pennsvivania State University a symposium, 
under the chairmanship of A. H. Shapley, was 
held on “The Use of Space Vehicles.” Other 
members of the panel were 

O. K. Garriott, Stanford University 
R. A. Helliwell, Stanford University 
C.G. Little, CRPL* 

W. Pfister, AFCR( 

Mrs. R. Sagalyn, AFCRC1 

J.C. Seddon, NRLI 


The panel members had all actually proposed 
experiments involving radio instrumentation of 


space vehicles to the Working Group on 
Satellite lonospheric Measurements (WGSIM) 
of the USNC-IGY** Technical Panel on the 
Earth Satellite Program. These proposals were 
in turn forwarded to the Space Science Board 
of the National Academy of Sciences for action 

A. H. Shapley opened the meeting by intro- 
panel and inviting active audience 
participation in the discussion. After pointing 
out that we are upproximately one year 
into the Space Age, Shapley reviewed the recent 
history of satellite radio experiments. Originally 
the U.S. IGY program had allowed for no 
ionospheric radio or propagation experiments 
because weight limitations permitted trans- 


ducing the 


now 
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+ Air Force ¢ 
Massachusetts 

t Naval Research Laboratory 
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mission only at about 100Mc/s, a frequency 
not sufficiently affected by the ionosphere. The 
advent of the Sputniks with transmissions at 
40 Mc/s and 20Mc/s provided opportunities 
for this type of experiment and soon afterward 
WGSIM was established and several organi- 
zations participated in the IGY program for 
Satellite lonospheric Measurements. Mean- 
time preliminary plans were being developed for 
research with satellites in the post IGY era, and 
during the early summer of 1958 a circular 
letter was sent out to URSI Commissions 3, 4 
and 5 encouraging contributions and descrip- 
tions of possible experiments. It was during 
this period that the National Academy of 
Sciences established the Space Science Board 
Several ad ho up, 
among others, one for ionospheric measure- 
ments. The latter had the responsibility for 
exchanging ideas and information on satellite 
ionospheric experiments and for investigating 
possible experiments with new satellite vehicles, 
no restriction on weights or orbits of such 
vehicles being assumed 

lhe symposium was conducted on the follow- 
ing plan: Five classes of experiments would be 
discussed, a short, five-minute introduction for 
each type being given by the panel members 
directly concerned, after which the subject 
would be thrown open to discussion by any 
interested member of the audience. The five 
classes of experiments and the speakers for each 
were (1) VLF satellite measurements (R. A. 
Helliwell and C. G. Little), (2) ion probes 
(J. C. Seddon and Mrs. Sagalyn), (3) Faraday 


committees were also set 
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rotation measurements (C. G. Little and J. C. 
Seddon), (4) topside ionospheric sounders (W 
Pfister and O. Garriott), (5) studies of anomal- 
ous propagation (W. Pfister and O. Garriott). 


(1) R. A. Helliwell opened the discussion on 
the VLF satellite by describing an experiment 
based on receiving and demodulating in the 
satellite a 15-5 kc/s signal transmitted from the 
surface of the earth (station NSS, Annapolis) 
A 30msec pulse would be transmitted every 
second from the ground station, the transmission 
delay being governed by the whistler mode with 
group velocity 2c f,. Fora satellite 
overhead at 1000 km altitude the transmission 
delay would be about 13 msec. A_ spin 
stabilized satellite in a 1000 km circular orbit 
is envisioned. The geomagnetic field lines and 
the ionospheric stratification both influence the 
received signal. Variations in time delay and 
implitude will be measured on the earth at both 
ends of the path as well as in the satellite. Thus 
the distribution of ionization above the F2 peak 
as well as the structure of large ionospheric 
irregularities can be determined as the satellite 
moves along its orbit. Broadband and multi- 
frequency transmissions may be a possibility 

C. G. Little described the VLF satellite 
proposal evolved by Owen Storey at CRPL to 
obtain information on the local electron density 
In this experiment VLF CW transmissions from 
a ground station would be received by a 
satellite having a dipole antenna (electric 
dipole) along its long axis and a loop antenna 
(magnetic dipole) feeding into a separate VLF 
receiver, at right angles to the dipole antenna 
Under free space conditions and proper orienta- 
the loop 


he 


tion, the dipole would receive only F, 


only H, from the ground transmitter 


satellite will be spun about an axis in the plane 


Fig. 2. 
antenna 


Voltage vs 
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of the magnetic loop in the manner indicated 


in Fig. 1. 

[he free space impedance is given by 
In the ionosphere the local 
impedance Z; is given by Z,/u, where u is the 


local real refractive index, so that values of the 
ionospheric refractive index can be measured. 
The voltage vs. time record for the loop 
antenna will have an appearance similar to that 


Loop antenna 


Dipole anntenna 


Fig. 1. Crossed antenna configuration for CRPL 
VLF satellite 


shown in Fig. 2, due to the spin modulation 
(the ratio of maximum and minimum deflection 
being twice the spin rate). A similar record will 
be obtained from the dipole antenna. Com- 
parison of the two records, after proper allow- 
ance has been made for the spin modulation, 
then enables one to estimate the local impedance 
Z, and so the corresponding refractive index 
In a sense such a satellite would constitute an 
ion density probe 

W. Pfister noted that there was no apparent 
frequency restriction in such a system and 
suggested that frequencies as high as 5 Mc/s 
could be employed up to the vicinity of the 
F-layer peak. R.A. Helliwell agreed that the 
same method is apparently applicable at any 
frequency such that the local refractive index 


record for the loop 


le 
5 
| 
NO 
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is proportional to the impedance, but observed 
that the sensitivity of the system is the crux of 
the matter 

R. S. Lawrence described a VLF satellite 
experiment which, unlike those already des- 
cribed, intended to record cosmic noise 
ma broadband basis. Such observations would 
vield information on cosmic noise at frequencies 
below the ionospheric cutoff and the fashion in 
which cosmic noise radiation is absorbed as it 
travels downward through the ionosphere. This 
information would be of considerable value in 
radio astronomy, and in fact Lilley at Yale 
University has taken an active part in formu- 
lating this experiment. C. G. Little agreed on 
the value of exospheric cosmic noise measure- 
ments, but noted that such an experiment might 
measure a G-condition rather than the local 
electron density. W. Pfister commented that 
Lilley was proceeding with this experiment 
under AFCRC GRD sponsorship and at the 
time of the symposium was mainly devising 
instrumentation, with no particular vehicle 
specified. Two or three frequencies in the band 
2-5 Mc s will be monitored by comparing the 
noise level with the internal receiver 
noise and by properly calibrating the antennas 
Pfister observed that this is not a simple experi- 
ment. In answer to a question of R. S 
Lawrence concerning the possible use of 
frequencies below 2 Mc/s, Pfister stated that 
such transmission would have to make use of 
the extraordinary mode and so would com- 
plicate matters by the necessity of taking into 
sccount guidance by the geomagnetic field 

Helliwell noted, in answer to a question of 
S. A. Bowhill concerning propagation along the 
geomagnetic field, that in a spherically stratified 
medium the wave normal eventually must line 
up with the geomagnetic field vector, this feature 
marking the difference between a 
columnar and a spherically stratified medium 
H. Poeverlein noted that the angle of arrival 
and polarization of whistlers change during 
reception, and Helliwell agreed that multiple 
columns of ionization which might act as 
multiple whistler paths would result in a com- 
plicated signal. Helliwell agreed with R. S 


was 


cosmic 


essential 


Lawrence that it would be useful to record field 
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strength at the satellite and noted that additional 
measurements, sufficient to determine the 
satellite orientation and to calibrate instruments, 
would be necessary. A. J. Dessler noted that 
hydromagnetic waves will constitute a factor 
compromising ELF* reception above 300 km 
altitude. Helliwell replied that observations of 
exospheric hydromagnetic phenomena will be 
reserved for a later experiment making use of 
a broadband receiver. W.C. Hoffman observed 
that a good method for determining instan- 
taneous satellite orientation could be based on 
referring the satellite axis to the direction of 
the local geomagnetic field through the use of a 
satellite-borne magnetometer, as in Sputnik III 
Shapley stated a combination of VLF receiver 
and magnetometer in the satellite is envisioned 
for later experiments. S. A. Bowhill noted that 
in the VLF experiment described by C. G. Little 
the requirements on spin along the axis of the 
dipole can be relaxed by employing additional 
dipoles together with commutated channels 
H. Poeverlein raised the question as to how 
important an effect the longitudinal component 
of the electric vector would have on the Storey 


experiment. Helliwell stated that the orbital 
elements of the VLF satellite would require 
careful study. An orbital inclination which 


would coincide with the magnetic meridian 
through station NSSt would be desirable but 
not essential. W. C. Hoffman stated that a 
possible alternative to the 1000 km circular orbit 
would be a fairly eccentric orbit with i=78*° 
and a high apogee, low perigee. The apogee 
would be such as to be tangent to the geomag- 
netic field line emanating from station NSS at 
its farthest point from the earth. The low 
perigee would reduce the power required for 
radio transmission from satellite to ground, if 
the information received near apogee could be 
stored until the low point of the orbit is reached 

(2) The panel meeting then turned to a 
discussion of the second type of satellite iono- 
spheric experiment, that of ion probe, for which 
there were several approaches. J. C. Seddon 
outlined the NRL work in determining local ion 
density by measuring the beat frequency 


extremely low frequency 
* Annapolis, Maryland 


between two CW rocket-borne transmitters at 
7:75 Mc/s and the sixth harmonic thereof. The 
probe work as such was recently reactivated 
under the direction of R. Bordeaux when 
sufficient staff became available. One of the 
most severe difficulties of the phase beat experi- 
ments is caused by antenna detuning, the 
antenna -impedance undergoing even more 
drastic changes below the ionosphere than in it. 
Recent results using the configuration shown 
in Fig. 3 have been encouraging. 

The antenna capacity C plus the insulator 
capacity is determined in free space, and AC is 
then measured by the equipment diagrammed 
in Fig. 4. The plasma frequency f,, which is 
proportional to the local electron density, can 
then be determined from the equation 


SYMPOSIUM ON THE USE OF SPACE VEHICLES 


where n° = 1 —(f,/f)®. The system is calibrated 
by varying the load and capacitance of a dummy 
antenna. The capacity as a function of time 
has the appearance shown in Fig. 5. 

The bottom curve represents the predicted 
variation based on experience with phase beat 
experiments. The top curve gives what is 
actually observed and shows large excursions 
modulated at not twice the rocket roll rate, 
as might be expected, but at exactly the roll 
rate. One can get 150 V on the 15 ft antennas 
up to 230 km altitude, and the plasma frequency 
can be measured in terms of the capacitance 
These values should be multiplied by 3-0+0-3 
to get the right answer, due to the shielding 


- ft whip antenna 


Fig. 3 
phase beat experiment 


Antenna rocket configuration for NRL 


= Matching circuit 


= 


Fig. 4. Internal 
in NRL rocket 


X 


time. 


capacity measuring equipment 


Fig. 5. Capacitance of the system as a function of 
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effect of the positive ion sheath around the 
antenna 
Seddon described the technique recently 


employed by Massey for British measurements 
of local electron density above Woomera 
utilizing the Skylark rocket. The warhead of 
the rocket was electrically insulated from the 
main body and the inductance capacity of the 


System was used to set the frequency of an 


oscillator The conductivity and dielectric 
constant in the vicinity of the rocket change 
with the local electron density and collision 
frequency From measurements of the 


frequency and amplitude of the oscillator one 


can determine the electron densits 


Seddon suggested that any proposed probe 
be installed on a small rocket and calibrated in 
flight by means of the following procedure: 
Let the rocket-borne transmitter ordinarily feed 
a low power (1 V) signal to the antenna to get 
away from the factor of 3. Telemeter on high 
frequency and low power the oscillator voltage 
V,. and the antenna voltage \ During the 
flight the rf. antenna voltage would be 
occasionally jumped to 150 V: and correspond- 
ing spot readings of electron density at altitude 
‘btained by the usual NRL phase 
beat method. This will provide the calibration 
of the probe system. In between times one can 
The probes and associated 
frequency oscillator and frequency multipliers 
are installed in the nose and the output is tele- 
metered back at the tenth harmonic of the 
carrier frequency 


calibrate low 


Mrs. R. Sagalyn then described the proposed 
AFCRC satellite probe, based on the probe 
theory of Langmuir and Mott-Smith The 
technique is similar to the Soviet probe on 
Sputnik Il! which consists of a reticulated 
spherical ion trap insulated from the satellite 
itself. The AFCRC configuration will appear 
as in Fig. 6 


~ ~s_-Collecting surface 


Fig. 6. AFCRC ion probe 


; Spherical mesh 
conductor 
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he sensing element consists of a spherical 
condenser mounted approximately 18 in. from 
the satellite surface. The magnitude of the 
potential difference between the electrodes and 
the polarity of the central collection electrode 
can be adjusted so that all ions or electrons 
entering the outer sphere will be collected 

Along the satellite orbit the thermal velocity 
of positive ions is about one-tenth the satellite 
velocity. The positive ion current to the probe 
can therefore be expressed 

(V) 

where 7 is the positive ion density, e the charge 
per ion, r the radius of the outer sphere, 
the velocity of the satellite. The value of the 
function f(V) depends on the potential of the 
outer sphere with respect to the undisturbed 
plasma. It can be determined from the analysis 
of the current voltage curve obtained by 
periodically sweeping the voltage on the outer 
sphere with respect to the satellite surface 

When the voltage between the electrodes is 
large enough to collect on the negative inner 
sphere all positive ions which enter the probe, 
the positive ion density can be evaluated from 
the relation: 


(V) 2 


where 2 is the experimentally determined trans- 
mission factor for the outer sphere 

Because the thermal velocities of the electrons 
are much larger than the satellite velocity, the 
expression for the electron current is more com- 
plicated. If the satellite capacity is much larger 
than the capacity of the probe, then the potential 
of the satellite can also be determined from the 
analysis of the current voltage curve described 
above. By suitable programming of the sweep 
voltages and adjusting the polarity of three 
probes mounted on a satellite, local ion and 
electron densities, electron temperatures and 
satellite potential can be obtained simultane- 
ously from this experiment 

Schmerling suggested that a simple probe 
could be based on measurement of the antenna 
impedance which undergoes a catastrophic drop 
at the plasma frequency. Five or six small 
(mW power) oscillators with an equal number 
of small loop or dipole antennas could cover 


| 
| 
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the required frequency range adequately. 
Seddon agreed with Schmerling in principle but 
pointed out that the probe system he had 
described would have adequate dynamic range 
if only two frequencies are used. For example, 
the 7:75 Mc/s probe measured an electron 
density of 1:7 10° electrons/cm® with no 
difficulty, and a reduction in frequency greatly 
improves the sensitivity 


R. Bordeaux described a first generation ion 
under construction at NRI This 
instrument consists essentially of a Langmuir 
probe plus a retarding potential 
illustrated in Fig 


pr 


The dev ice 1S 


wire gid of reg 4 


~ 
76.4, 
of Collector plate 
at 
Fig. 7. First-generation NRL ion probe 


Another mode in which the collector grid 
might be operated is to ground it to the satellite 
skin rather than the collector plate load. For the 
first configuration the volt ampere curve to the 
shield will have a form similar to that shown 
in Fig. & 


Fig. 8. Characteristic curve for the shield voltage 

A second generation probe, which is being 
developed by W. R. Bennett at NRL, will 
consist of substantially the same configuration 


but with several wire grids maintained at 


different potentials as shown in Fig. 9 

Such a device will yield information on the 
various types of ions involved, since, if several 
mass numbers are present, there will be corres- 
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Collector 
plate 


Fig. 9. Advanced NRL ion probe 


ponding plateaus in the voltage vs. current 
characteristic. Mrs. Sagalyn and R. Bordeaux 
discussed the effect of the time duration of the 
frequency sweep upon the variations in apparent 
electron density. Bordeaux stated that while 
the sweep duration might be as much as 1/2 sec 
for a vertically fired rocket, it would be a good 
deal faster on a satellite, say, 0-1 sec. E. Mueller 
noted that due to the satellite spin the probe 
reading would consist of a crude average over 
several turns, the value being proportional to 
the satellite velocity multiplied by the cosine of 
the spin angle. It might be somewhat risky, he 
felt, to bet 5 million dollars on the precision of 
such a method. The effect of any paint upon 
the satellite surface might be to build up as 
much as several volts static charge, since paints 
are ordinarily good insulators. 

Bordeaux cited the Soviet probe experience 
to the effect that the vehicle potential is low 
when no high power transmitters are being 
operated. He noted the importance of 
avoiding the situation where the ion chamber 
faces into the vacuum pocket behind the satellite 
and stated that this possibility could be avoided 
by locating one ion chamber on the satellite 
axis perpendicular to the spin axis. Mrs 
Sagalyn responded that two diametrically 
opposed probes on the vehicle will also avoid 
any troubles with the vacuum pocket 

W. Pfister said that he was speaking for 
Spencer of the University of Michigan, who 
was unable to be present, and proceeded to 
describe a Langmuir bipolar (or Spencer) type 
of satellite probe. The bipolar probe rocket 
already flown is constructed in the shape of a 
dumbbell, with the electrical characteristics 
indicated in Fig. 10. The voltage vs. current 
characteristic is shown in Fig. 11. With such 


also 
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Fig. 10. Langmuir bipolar (Spencer) rocket borne 
ion probe 


Fig. 11. Voltage vs. current characteristic for 


Langmuir bipolar ion probe 


a device one can measure electron temperature 
and ion density, but to determine electron 
density the probe would have to be unsym- 
metrical. The satellite bipolar probe would be 
constructed on the basis of the same principle 
but would not necessarily have the same shape. 
FE. Mueller commented that there will be no 
definite electron temperature, and the high 
energy tail of fast electrons may play an 
important role 

(3) The third type of satellite experiment 
involved Faraday rotation of the radio signal 
emitted from a satellite. C. G. Little went into 
the background of the phenomenon and 
described some experimental techniques, both 
developed and proposed. The Faraday rotation 
is given by the expression 


NH cos© di (radians) 
2= 


or, assuming quasi longitudinal propagation at 
20 Mc/s, 


e=6x10°"' | NH cos@dl 


Though the rotation rate can readily be 


measured, it is in general impossible to deter- 
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mine the number of complete rotations. One 
way (which cannot be used in the majority of 
passes) of determining the total number of 
rotations is to identify the period when propa- 
gation from the satellite is quasi transverse. 
This period is marked by a relatively steady 
signal and two linearly polarized components 
rather than two circularly polarized ones. When 
the transition to quasi longitudinal propagation 
occurs the signal will be modulated at the 
Faraday rotation rate, and the number of 
rotations can be determined by counting back 
to the time when propagation ceased to be 
quasi transverse. Another way of resolving 
the ambiguity is to install two transmitters in 
the satellite which are separated | to 3 Mc/s 
in frequency. At least one proposal suggests 
the use of 2 CW transmitters radiating linear 
polarized signals from the same antenna at 
38 and 40 Mc/s 


Little described another type of experiment 
which is based on the differential absorption 
undergone by the ordinary and extraordinary 
components, the absorption of the extraordinary 
component exceeding that of the ordinary by the 
factor (f + f,)°/(f—f,)°. In high latitudes the total 
differential absorption along the path may 
amount to as much as 10-20 per cent. The 
proposed method, then, involves measuring the 
difference between the intensity of the ordinary 
and extraordinary wave. The technique appears 
promising and should make it possible to 
monitor the size of absorbing irregularities 
(down to 100 km in size) at high latitudes and 
thus offers considerable advantage over the use 
of an ionosonde for this purpose 


J. C. Seddon then described NRL experience 
relative to Faraday rotation. At 7°75 Mc/s it 
was possible to measure down to 10° electrons 
cm* or less in the D-region. Pitch and yaw of 
the rocket will bring about a phase modulation 
of the signal due to changing antenna orienta- 
tion. During the day, at 100km altitude, 
Faraday rotation does not work. The modula- 
tion is irregular and the nulls are spotty, 
apparently due to irregularities in the F-region. 
At higher frequencies (46:5 Mc/s) the use of 
the technique is satisfactory. Seddon described 
a night rocket flight intended to sound a 
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“spread F’ condition. The roll rate of the 
rocket was determined in the lower ionosphere, 
but in the spread F the apparent rotation rate 
was erratic, so that if a small altitude increment 
is used, a negative value may be obtained for 
the electron density. This is apparently due to 
rapid electron density changes with time. At 
the peak of the trajectory, however, a longer 
time is available for measurement, and an 
average value of electron density could be 
determined. At 234 km it was found to give a 
value of 6-4 = 10° electrons/cm’*, but this could 
easily be in error by a factor of two or three. 

S. J. Bauer described the theory and tech- 
niques developed by F. B. Daniels of 
USASRDL* and himself in connection with 
Faraday rotation of the satellite signal. Bauer’s 
expression for the Faraday rotation is as 
follows: 


BN secédh 


where h, and h, are the lower and upper limits 
of the ionosphere and 4 is the zenith angle. 
Below 1000 km altitude one can take B outside 
the integral sign, and the expression for the 
rate of change of Faraday rotation becomes 
(h, denoting the satellite altitude) 


dt Cr 


+ cos sec 4 N (h,) 


rhe second term inside the parentheses is zero 
at apogee and perigee and also vanishes for a 
circular orbit, but in general cannot be neglected 
at an arbitrary point of the orbit. The presence 
of two unknowns, the local electron density at 
the satellite and the integrated electron density 
over the entire path requires simultaneous 
observations at at least two stations. Bauer 
showed slides of the term cos © sec 4 and its time 
derivative for 35° and 65° orbits, the fading 


* U.S. Army Signal Research and Development 


Laboratory, Fort Monmouth, N.J. 


rate as a function of time in terms of the contri- 
bution of the integrated electron density, the 
local electron density, as well as the sum of the 
two. The last slide had an appearance like 
that of Fig. 12. 


Local electron density 


Fig. 12. Local vs. integrated electron density 


British observations of the fading rate give 
a value for {| Ndh of 19x 10" electrons /cm* 


for a satellite passage at about 450 km height. 
This value seems to be much too high in view 
of the fact that the integrated electron density 
up to the F2 maximum obtained from vertical 
sounding data was about 5 x electrons /cm’. 
Since the observed fading rate results from the 
combined effects of both the integrated and the 
local electron density (as indicated by the close 
resemblance of the observed fading rate curve 
to the theoretical curve of Daniels and Bauer), 
the estimated integrated electron density up to 
the satellite would be of the order of 8-9 x 10"” 
electrons/cm? and the local electron density at 
the satellite about 4-5~x 10° electrons/cm’. 
This indicates that for orbits having appreciable 
eccentricity, both the local and integrated 
contributions must be taken into account. 
R. R. Arendt noted that the second term in 
Dr. Bauer's expression contains the radial 


velocity sec 4 and that in full generality two 


dt 
more terms containing time derivatives of N (A) 
and B, respectively, should be included. The 
plot of the fading period ¢ between two 
successive nulls vs. zenith angle is U-shaped 
in a nonionized medium. The presence of the 
radial velocity term introduces a dimple into 
this curve (Fig. 13) for an overhead passage. 
This behavior has been noted with respect to 
the radio signal from Explorer [V. Arendt 
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further noted that at altitudes above 1000 km 
strong hydromagnetic effects could be expected, 
so that the situation should not be regarded as 
that prevailing in free space 


Fig. 13. Fading period for an overhead passage 


S. Weisbrod commented that the results of 
his theoretical work showed that when the 
geomagnetic field and direction of wave propa- 
gation are regarded as constant over the path, 
the integral expression for the Faraday rotation 
reduces simply to the retardation in the group 
velocity. He therefore suggested that a beacon 
could be incorporated in the satellite to measure 
\Ndh to the same order of accuracy as the 
Faraday rotation method 

S. A. Bowhill noted that the satellite spin and 
the Faraday rotation combined give sum and 


difference frequencies and higher harmonics 


thereof. The extraordinary and ordinary com- 
ponents will often interfere in the same way 
C. G. Little recounted his experience at a high 
latitude station using crossed dipoles aimed at 
the zenith. Switching between them enabled one 
to distinguish between the ordinary and extra- 
ordinary components. Little emphasized the 
desirability of looking only at the portion of the 
sky where circular polarization prevailed 

G. H. Millman suggested the of two 
bistatic radars at frequencies f, and f, to deter- 
mine \N dh. H. P. Hutchinson of USARSDI 
agreed with Bowhill that spin rotation is a 
considerable problem, and outlined his experi- 
ence in trying to determine the slant range of 
1957 8 based on comparison of observed and 
computed Doppler frequencies. W. W Berning 
pointed out that curvature of the orbit and 
uncertainty in the orbital elements could intro- 
duce appreciable error into Hutchinson’s 
method, but Hutchinson felt that these effects 
could be minimized since the slant range is 
determined by only a small portion of the orbit 
near the zenith 
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(4) The symposium then turned to a consider- 
ation of the topside sounder, by which is meant 
a miniaturized satellite borne ionosonde look- 
ing downward at the ionosphere from above. 
W. Pfister led off with a description of “the 
ionosphere that we will have to deal with.” 
rhe Soviet satellite experiments yield a value 
of 10° electron/cm® at an altitude of 2000 km 
his corresponds to an absorption of | neper 
for an operating frequency of 12 Mc/s and an 
altitude of 1000 km. Thus a peak pulse power 
 20-SO W would be required for a satellite 
borne transmitter at this altitude. An important 
distinction between a ground based ionosonde 
and one in a rapidly moving satellite is that 
sweeping the frequency is unnecessary in the 
satellite. A series of fixed frequencies in the 
range 1-15 Mc/s will do just as well. A CW 
topside sounder, operating by measuring the 
beat note between separated frequencies, 
requires a smooth ionosphere, but the iono- 
sphere is even less smooth above the F2 peak 
than Vertical drift motions and 
ionospheric tilts grow more pronounced with 
altitude. One type of topside sounder experi- 
ment which has been proposed is the use of a 
net of sounders on the ground to interrogate 
the satellite at spot frequencies as it passes over 
Such a technique would not, however, make 
full use of the motion of the satellite 


bel 


E. R. Schmerling agreed on the use of fixed 
frequencies Although the ground-based 
ionosonde records are taken on a continuously 
swept frequency basis, when the A’-f records are 
reduced, they are sampled at a discrete interval 
of 2 Mc/s. Schmerling suggested that peak 
power limitations on the satellite transmitter 
could be circumvented to some extent through 
the use of photographic integration at a rate of, 
say, 10 pictures/sec. It was further noted that 
in the determination of electron density from 
h’-f records it is necessary to fix the bottom 
point fairly accurately by means of the plasma 
frequency at this level. With respect to the 
latter point, Pfister commented that, for a 
satellite orbit below 2000 km altitude, trans- 
mission of a | Mc/s signal will pick up the 
minimum plasma frequency, and determination 
at one ground based location is sufficient 


r. E. Van Zandt commented that in deter- 
mining the plasma frequency at satellite altitude, 
signals at the lower frequencies will be heavily 
absorbed. Van Zandt mentioned a method for 
determining true heights from O and X traces 
recently developed by Owen Storey. The 
method should also be applicable to satellite 
transmissions, with proper inversion of the 
geometry. This technique, Van Zandt felt, 
might also be made the basis of a good electron 
density probe, which would be relatively 
immune to the effects of spin and the ion sheath 
surrounding the satellite 

W. C. Hoffman pointed out that a theoretical 
program of research in methods for reducing 
the h’-f records obtained by the satellite ought 


to be carried out simultaneously with the 
development of hardware. In 1956, Karp and 
Schmoys* laid down the foundations of an 
analytical method for determining the full 


electron density profile, including valleys, from 
ionosonde observations taken both above and 
below the ionosphere. Extension of the Karp 
Schmoys theory now, so as to have available a 
practically usable technique for reduction of the 
joint satellite ground station h’-f records when 
the topside sounder is flown, ought to be 

rthwhile 

G. J. Gassmann, who had been a 
if the ad hoc group concerned with the topside 
sounder, then spoke. The first satellite should 
contain fairly elaborate equipment, with simpli- 
fication of the instrumentation taking place as 
Measurements at 2, 4, 6, 8 
out on a routine 


member 


experience grew 
10 and 12 Mc/s will be carried 
basis, with a few seconds’ transmission at each 
frequency [he estimated radiated power 
required on the satellite is of the order of 10 W, 
illo one-way absorption of 4dB 
transmission through the D-region is not 
required and only cosmic noise is present. The 
antenna offers a difficult problem. It cannot be 
a dipole, and since the plasma frequency of 
the medium is of the order of 5 Mc/s, it is 
important to avoid detuning the antenna. For 
this reason, terminated antenna 
similar to that for ground stations will have to 


ing a since 


a resistively 


* J. Geophys. 61, 183 (1956); cf. N.Y.U. Inst. Math 
Sci Rep 
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be employed. Measurements should be made 
during both magnetically quiet and disturbed 
days, over a variety of seasons and during a 
period of sunspot minima. Due to the equatorial 
bulge one must expect tremendous focusing 
effects (sometimes as great as +30dB) in sun- 
light near the equator 


R. W. Knecht was present at the same ad hoc 
committee meeting, and described a simple 
experiment based on transmission of a single 
frequency, say, 6 Mc/s. Due to power limita- 
tions, soundings would be made only over 
ground based ionosonde stations. A frequency 
which is “too high” might be included to obtain 
calibration of distance. With such a system 
one might get totally unexpected answers. 
Several ingenious hardware schemes have been 
proposed, among others one which will auto- 
matically optimize the transmission frequency 
of the sounder in the presence of a plasma. 


(5) The final symposium topic was concerned 
with propagation anomalies in radio trans- 
mission from satellite vehicles. O. K. Garriott 
led off by describing the recent Stanford 
experience in reception of the antipodal signals 
first noticed by H. W. Wells. During the first 
three weeks of Sputnik III reception on 20 
Mc/s the antipodal signal was received on 13 
occasions, with negative results on 5 other 
passes. During this period the satellite altitude 
exceeded the altitude of the F2 maximum near 
the antipodal point [he morning, or low, 
passes were much less successful, the antipodal 
f received on only two 
[f Wells’ explanation of the antipodal signal is 
a change in Doppler shift would be 


signal being occasions 
correct, 
expected as the “ghost” satellite passed nearby 
Stanford’s observations do show a Doppler shift 
(consistent with the azimuth of arrival) but no 
change in Doppler shift during an antipodal 
passage. The direction of arrival, as determined 
by means of a rotating Yagi antenna, was 
between south and southeast on all afternoon 
or evening antipodal observations. The radio 
signal travels in the dark hemisphere during the 
early part of its passage, and it is believed that 
the ionospheric tilts to the southeast of the 
receiving location, set up by sunset conditions. 
are an important factor in this type of trans- 
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mission. Garriott also briefly discussed the 
extended range reception of satellite signals at 
many different locations on the earth’s surface. 
Reports of such extended range transmission 
have been quite frequent on 20 Mc/s, less so 
on 40 Mc/s and have occurred only once on 
108 Mc/s 

S. A. Bowhill asked whether there was a 
standard reference frequency employed during 
the overhead passages, and Garriott replied that 
this was supplied by a local oscillator at the 
receiving station. The use of the local oscillator 
permitted a Doppler shift to be measured which 
was consistent with the observed direction of 
arrival 

W. J. Ross asked why the antipodal point is 
important if tilt F transmission is the crux of 
the matter, and noted that focusing does not 
occur simply because of the existence of one 
tilt. Garriott replied that the antipode is the 
only point such that a signal originating there 
will reflect from an intermediate tilt no matter 
what its bearing from the transmitter may be 
W. W. Berning noted that antipodal trans- 
mission might also rise from a G condition at 
an altitude of the order of 900 km and described 
an occasion when the Doppler shift on a satellite 
signal which had been undergoing considerable 
fading was being monitored. As the satellite 
rose above 900 km altitude an abrupt decrease 
occurred in the frequency of fading 

R. W. Knecht asked whether anyone had a 
good explanation for the extended range trans- 
missions observed from high latitude stations 
and cited the case of Ice Island where reception 
had been accomplished for 12-14 hr continu- 
ously. W. Pfister said that there seemed to be 
no valid explanation as yet, and that it was 
mainly a phenomenon of the Arctic and the 
Antarctic regions. The longest continuous 
signal received to date lasted for a period of 
17 hr. His group has attempted to repeat the 
long range observations made with Sputnik I 
at Thule and will try soon also at Ice Island. 


HOFFMAN 


However, the transmitter in Sputnik III is 
weaker than in [ and results have mainly been 
negative. M. Katzin referred to F. H. Dickson’s 
Ice Island observations and said that later study 
indicated that some of the earlier reports may 
now be doubtful. H. Busch stated that the 
reception was not completely continuous, and 
on many records of signal strength the period of 
reception became progressively longer as the 
latitude of the receiving station increased, 
especially for high inclination orbits. Knecht 
observed that the extended range reception at 
high latitudes was somewhat surprising, since 
in general one expects the electron density to 
be higher, the nearer the equator. Pfister said 
that a possible mode might involve trapping of 
the signal above the peak of the F-layer with 
return to the earth possible in the polar regions 
because of the relative transparency of the 
ionosphere there. P. Green suggested that the 
whole phenomenon might simply be the result 
of the fact that, statistically, the satellite is more 
often than not near the arctic 

A. H. Shapley then concluded the meeting 
by stating that the afternoon's discussion would 
serve as a basis for recommendations to URSI 
Commission III and, thence, to the National 
Academy of Sciences’ Space Science Board. 
The Space Science Board, which includes 
WGSIM, is acting in an advisory capacity to 
NASA.* Proposals to NASA for satellite 
ionospheric experiments are referred by that 
organization to the Space Science Board. Those 
who may wish to participate in future study 
group meetings are requested to inform A. H. 
Shapley or Dr. R. C. Peavey, Secretary to the 
Space Science Board, USNC-IGY, National 
Academy of Science, of their interest. Shapley 
stated that one of the prime concerns of the 
WGSIM and the Space Board is to broaden the 
participation in space research. Shapley then 
adjourned the meeting. 
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SUMMARY 


CETEX was established in 1958 by ICSU to meet 
once to find out if the problem of contamination of 
extra-terrestrial objects by space represents 
a real problem. The report of this meeting which was 
held in May 1958 was that in the committee's view 
there is a real possibility that early experiments might 
research. The committee therefore 
that a code of conduct be drawn up 
research with particular reference to the 
of priorities and sequences of different 
experiments. CETEX stressed that such a report 
would require the active participation by experts, 
especially from the field of rocket technology. ICSI 
accepted this recommendation and at its general meet- 
ing in Washington in October 1958 asked CETEX to 
hold a second meeting. At the same time ICSU 
requested the National Academies of the U.S.A. and 
US.S.R. to CETEX with experts in rocket 
technology and with prepared documents. CETEX at 
its second meeting held at The Hague in March 1959 
was able only to start its assigned task because the 
complexities of the problem made it impossible for 
the necessary detailed technical information to be 
available 

In the interval between the first and second meetings 
COSPAR has been formed by ICSU to co-ordinate 
world-wide space research and this new body enjoys 
the support of the American and Russian Academies. 
CETEX feels that the detailed functions proposed for 
its second meeting form an integral and important 
part of the duties of COSPAR and at this meeting 
CETEX confined itself to the general formulation of 


vehicles 


spoil subsequent 
proposed to ICSI 
for space 
allocation 


assist 
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the problem and review of its initial report which has 
been slightly modified 


General principles governing space research 

1. Space research offers a challenge and oppor- 
tunities which should appeal to the most imaginative 
minds. The greatest encouragement must be given to 
novel and unconventional approaches and no proposal 
should be sanctioned which would hamper the experi- 
menters freedom of action unless there are compelling 
On the other hand equally imaginative 
thinking is required when considering possible com 
plications which can follow a particular type of 
experiment Surprises are certain and unlikely 
possibilities must be borne in mind when dealing with 
the problem of contamination which is better defined 
as the problem of reducing the risk whereby one 
experiment may spoil the situation for other sub- 
sequent enquiries. The question of deciding whether 
such a conflict is likely to can best be dealt 
with by a committee or working group engaged in 
planning or advising on scientific experiments, 


reasons 


arise 


2. Ideally scientists should be asked to inform 
COSPAR as early as possible of each space experiment 
which is envisaged and of the methods to be used in 
its execution. The broadly based committee of 
COSPAR containing scientists from all disciplines may 
be able to see much more clearly than the space 
research specialists possible conflicts introduced by 
such experiments and may be able to suggest ways of 
overcoming these difficulties. 


9 
| | 


3. There are a number of obvious and necessary 
experiments which are bound to be done and here the 
COSPAR working group dealing with experiments 
may be able to suggest priorities. While it may not be 
possible to avoid all types of contamination a proper 
sequence can ensure that the collection of data is not 
thereby hindered. For example CETEX recommends 


positively that no “soft” landing, which requires the 
release of large quantities of gases. should be made on 
the moon until experiments have been successf ly 
carried out or at last all reasonable attempts mack 
to determine the nature of the moon's atm sphere 


4 In view of the ereat uncert inties whicl face 
space research, all operations which are not capable of 


conveying meaningful scientific dat re to be discou 
raged even if they do not appear to carry with them 
kn an < ree of contamination Risk<« vith the 


unexpected must he taken < otherwise no space 
exploration is possible but such risks must be justified 


by the scientific content of the experiment 
nfamination endaneerine r sical and chemical 

Ti tr The moon's atmos 
phere contarns niy emoall mount matter (it 1s 
estimated at les<e than 10 tone) nd is therefore 
*xtremely vulnerable to contamination The release 
n the surface ‘ n\ amount ‘ vol tile mater i! 
having a molecular weight of greater than 60) within 
this rane f maenitud such as micht be given off 
from exp! ns for marking purposes r to slow down 
th cle for nd ne likel to remain yn 


c 


the m n Another factor which a ch inge in the lunar 
hye hrine nm in the 


librium and careful computation will be 


required hef re th maenitu le thie *ffect can he 

d Th r thar th impact ‘ cket 

ehicl mot teelf ena cient t lear the sp} “Te 

- ne trapped gases was reiected because the 

rfac must ceasionally be subject to 
Wh ; t hw hea net t 

by n\ hemical marker n the moon's 

rfa is therefore hiectionahle if it involves tons of 

if hee he lon fl» ine 


auite unlike th t normally present in the lunar 
tmosphere should be used so that in subsequent 
s it can be clearly recognized as a con- 


tamrnant ntr duced hy man Roth m thie connection 


ind becau f increased ease in detection a flare 
produced by sodium should be considered for this 
purpose. The sodium-D lines could be detected at low 


intensities if a monochromator is used to cut out 
scattered light of other waveleneths Probably the 
quantity of material required to be visible through a 
telescope, though not to the naked eve, would be 
insufficient to cause serious contamination of the 


atm sphe re 


The possibility that a flare of this type might disturb 
the lunar atmosphere due to the ionization of the 
sodium atoms by sunlight has been considered. but 
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such 


Fr 


n effect is unlikely to persist for long periods 


m the foregoing it is clear that detailed explora- 


tion can very casily modify the lunar atmosphere 


iccidental hit by 


should, if at all possible, be studied spectro- 
lly from either earth or moon satellites. An 
a vehicle which has failed to orbit 
probably not be serious, since the moon's 


mu ecasionally be subject to bombardment 


VV meteorites ind the rele se of trapped gases 


y impact will not therefore cause a departure from 


mr 


! conditions 


Moon dust.* The chemical composition of the 


n the moon's surface is of the greatest interest to 


range of sciences. Knowledge of changes of 
ition at different levels would also be informa- 


tive but may he difficult t interpret ince hombard- 


ment 


this 


y meteorites is likely to disturb the dust. For 
‘ason mixing of some of the dust by rocket 


is unlikely to result in the loss of information 


Th uegestion has been made in the recent 
scientific literature that there are unstable structures of 
sh e-enere\ content ic cont ining high 
concentration of free radicals) n the moon which 
rn b used to react explosively on coming into 
ntact with reanic ibstances from the earth The 
ue stion has therefore heen m de that ereat c ire 
he tak | xcl id vant stances from space 


likely to impact on the moon The committee 


could not upport the view that such a haz rd existed 


subseat 


vreate 


cal structures would he triegered 


ny impact which caused intimate mixing 


» corr ler act as 
nel init xpl hein ction 
in-mad hbiect would do no mor harm in 


rious danger sp iline the moon's dust will 
explosions. These will release 


products which under the conditions of extreme 


it] nter the moon tr nd he 
listributed These radioactive atoms will be 
-active form and n coming into contact 


n dust may form involatile compounds. In 


the whole surface of the moon may acauire 


nal radioactivity which ma interfere with 


tC cre 


rent radiochemical analvsec th t could he of the 


in parti ular for pr Ihlerns relatine to 


the history f the moon The explosion of a fusion 


devic 


bomb 


radioa 


of th 
will n 
ranee 
The p 
™ 

n 

af 


likely to he more ceri rus than that 


¢ of a fission 
ince the former will give rise mainly to volatile 


ctive products. notably tritium whereas the bulk 


volatile fission products are rare gases which 


%t combine with the moon dust. However. the 


of the small particles by which fission bomb 


that valuable information ncernine om dust 
_ fisturbine the moon rface h been nsidered 
k to + { the moon's dust can 
je a try incomplete pictur { smic dust because 


the mstituents will be volatilized by solar radiation 


w 
scop 
woul 
by hea 
natura 
a wid 
Meteor 
The 
espect 
As 
come 
ficcton 
rapid! 
in 
vith moo 
: 


likely to be very great on the moon 


nd danger of contamination would 
indoubtedly 
Although the relative extent of the contamination of 
he planets from a nuclear explosion would be very 
aller than in the f the moon it may non 
be suff t to interfere with detailed radio 
1 or | nder certain “onditions Also the 
fect of introducing radioactivity on another planet 
there may be entirely different levels of back 
1 radiat from those found on earth could 
f y influen ny form of life found there 
tt yjections against nuclear explosions 
Mars and Venus may not be as compelling as in 
f the moon, they are nevertheless justified 
til more information is available 
B vical ntamination 
f hicles to p nt the spreading of 
th r trial mirco-organism in the 
tem is likely to present a number of technical 
s that may not be easy to solve. CETEX 
that COSPAR initiate a study immediately of 
thods by which the inside of space vehicles can 
ilized, bearing in mind the presence of delicate 
‘nts that must not be damaged As soon as 
‘le methods should be published by which this 
achieved it should be urged that all space 
he sterilized mn this Way Although CETEX 
that the possibility that life can persist on the 
sufficiently remote to justify being neglected 
yn probes should be sterilised so that the 
lifficult techniques of sterilization may be worked out 
practice 
The outside of space vehicles need not be sterilized 
» exposure to the unfiltered solar radiation during 
flight will destroy all micro-organisms which have 
tled on the shell. The need for sterilization is only 


Mars and possibly Venus need to remain 


mporary 


yntaminated only until study by manned space 
ips becomes possible 
Contamination of the moon hy livine cells 


There is no reasonable possibility by which the intro- 
tion of cells such as spores or bacteria might give 
> to life on the moon of the same type (i.e. contain- 

e¢ DNA) as on earth which might confuse later 
vestigators, There are no cells on earth which grow 
multiply in the absence of water and at the high 
cuum of the moon no water can exist on its surface 


>» Contamination of Mars and Venus. There is a 


vossibility of biological contamination of these planets 
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since there is a reasonable probability that the condi 
such that some terrestrial organisms 


tions on Mars are 
might grow. Carbon compounds, light for photo 
ynthesis and probably water and nitrogen are all 
available. It is therefore of the greatest importance 
that space vehicles should not land either accidentally 
or deliberately on Mars (and possibly also Venus) 
unless all precautions have been taken to exclude 
living organisms from them. Otherwise the most 
challenging of all planetary studies, that of extra- 
terrestrial life, may be put in jeopardy. The same 
precautions in regard to the development of complex 
molecules which have been dealt with in respect of 
lunar contamination in paragraph 4 below apply 
equally to both Mars and Venus 

3. Panspermia hypothesis The suggestion that 


moon dust might help in evaluating the hypothesis 
that di semination of life in the cosmos occurred by 
transport of forms of life in the cosmic dust must be 


vacuo) would 


erected because solar radiation (in higt 
decompose “biospores” just as it decomposes cosmic 
dust. The possibilities by which spore might travel 
tn igh pace inside meteorites involve so many 
improbabilities that they do not justify special 
consideration at this stage 

4 The development of complex molecules. The 
basic problem concerning the origin of life is how 
complex molecules (on the earth they are based on 
carbon) came to be built up and become replicated 
It is conceivable that the interior of the moon dust 


> valuable clues in this direction. It 


may provide som 
is not beyond the bounds of possibility that some “pre 
life may be occurring on the moon and 


processes 
these may be similar or different from those which 
had taken place on earth. If there are such processes 
then troduction of “foreign” macromolecules 
from the earth may cause a serious upset in the 
processes. The earth macromolecules may under lu: 
conditions act as templates and provide new foci for 
pre-life” growth. If such events were started indis 
criminately all over the moon the pattern might be 
distorted. It is important to emphasize that livir 
ire not envisaged for this process and that in thi 
connection a dead bacterium from an aseptic 
would be as harmful as a live one. The occurrence 
any such growth reactions is remote and does 
justify the imposition of any irksome restrictions on 
where reasonably possible it 
should be borne in mind. A simple precaution against 
endangering future studies might be to limit the 
areas of landings on the moon and thereby to localize 
the effects—if any—of terrestrial templates 


the 


unar 


lar 
celle 


ce 


not 


lunar exploration, but 


a 
tivit Pread is 


19 


(Received 16 


Abstract 


Planet. Space Sci Pergamon Press 1959. Vol. 1, pp. 253-258. Printed in Great Britain. 


LOW FREQUENCY ELECTROMAGNETIC RADIATION 
ASSOCIATED WITH MAGNETIC DISTURBANCES 


G. R. A. ELLIS 
Upper Atmosphere Section, CSIRO Camden, N.S.W 


{pril 1959) 


Continuous observations of the amplitude and spectrum of naturally occurring 


radiation in the band 2-40 kc/s have been made during the period June to December 1958 near 


Sydney, Australia 


detected. The intensity ranged from 6x10 


Three 
usually extended from 3 to 5 kc/s, 
which were 


and some showed 


On three occasions, : 


nagnetic 


36 hours 


activity 


about 


noise and of simultaneously occurring red oxygen airglow was observed 


of the noise are discussed 


1. INTRODUCTION 

It has been known for many years that it is 
possible to detect, at times, continuous atmo- 
spheric radio noise at kilocycle frequencies, in 
addition to the more usual impulsive atmo- 
spherics and whistling atmospherics’. In a 
loud speaker the noise sounds like smooth hiss 
with a bandwidth of several kilocycles and a 
centre frequency of 3 or 4 kilocycles®: ° 

Previous observations of the noise have been 
hampered by the difficulty of recording it in 
the presence of interference from atmospherics 
and electric mains. As a result, existing reports 
are of strong outbursts detected during routine 
intermittent recording of whistlers in the same 
frequency band. No continuous observations 
have been reported, so there is little information 
on the time variation of the noise. 

Its origin is not yet understood but is thought 
to lie in the interaction between auroral particle 
streams and the plasma of the outer atmo- 
sphere“. Such VLF noise may thus prove 
to be a phenomenon analogous to solar radio 
noise, but generated in a more accessible region. 


2. EXPERIMENTAL TECHNIQUE 
Except at remote places the ambient noise 
level due to radiation from power lines and 


nain types of bursts were identified and classified on a 
4 to 8 kc/s and 2 to 
always of the latter two types, were clearly 
a reproducible sequence of amplitude variation lasting 
a detailed correspondence between the intensity of the 
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A large number of isolated noise bursts lasting for some hours were 


"W m-? (c/s)-! at 46 ke/s. 
basis of their spectra which 
30 kc/s, respectively. Major bursts, 
strong auroral and 


to 6 10 
with 


issociated 


Theories of the origin 


from lightning is sufficient to mask many bursts 
of VLF noise if simple integration is used in 
the recording system. However, as this inter- 
ference differs from the continuous noise by 
being largely impulsive, it may be reduced 
considerably by a _ recorder which rejects 
impulses. Two possible methods are to cancel 
repetitive impulses with a time delay filter (a 
method which would be of use for mains inter- 
ference only) and, more generally, to use a 
partly unidirectional integrating recorder of the 
type which has been applied to reduce atmo- 
spherics interference with cosmic noise obser- 
vations’. 

In the present investigation the second 
method proved adequate. Otherwise the equip- 
ment was similar to that used for routine 
observations of whistling atmospherics”. The 
antenna was a six turn vertical loop with an 
area of 100 square metres connected to a wide 
band amplifier. The amplitude of continuous 
noise in a band 800 c/s wide at 4°6 kc/s was 
traced with a pen recorder having a charging 
time constant of 20 sec and a discharge time 
constant of 0°01 sec. The spectrum of the noise 
between 2 kc/s and 40 kc/s was recorded with 
a spectrum analyser of the frequency scanning 
type. Its frequency resolution was 600 c/s and 


9 
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scanning rate 6/sec, the records being made on 
film moving at 3 in./hr. Also, tape recordings 
were made of selected noise bursts for later 
analysis 

The sensitivity of the fixed frequency 
recorder for signal equal to noise was 0-005 «V 
(c/s)"' at 4°6 ke/s. With the antenna 
connected the effective ambient noise level was 
approximately 0-010/«V/m during the day and 
0-02/uV/m during the night. The average 
ambient noise level was about 20 dB higher. 
The receiving equipment was situated at 
Camden, New South Wales (geomagnetic 
latitude 42°S), 42 miles from Sydney. 


3. OBSERVATIONS 

(a) 46 kc/s 

From the beginning of observations in June 
1958 frequent distinct noise bursts lasting for 
a few hours and many times stronger than the 
background were recorded at 46 kc/s. 
Altogether 90 bursts occurred between June 
and December, those in September being listed 
in Table 1. The noise amplitude varied between 


Table 1. List of Noise Bursts Recorded in 
September 1958 


Peak field 


Frequency 
Date Local time strength range 
ke/s 
(c/s) 
3/9/58 2150-0040 0-02 4-5 
4/9/58 0130-0700 0-06 
4/9/58 1000-2300 0-04 5-2 
7-10 
3-5 
5/9/58 0020-0230 0-04 4-5°5 
5/9/58 0830-2340 01 3-10 
6/9/58 1400-0200 02 2-30 
7/9/52 1800-2000 0-04 3-7 
7/9/58 2230-0040 0-016 3-5 
8/9/58 1700-2030 0-18 4-20 
9/9/58 2330-0110 0-02? 3-10 
10/9/58 0350-0510 0-02 
12/9/58 1900-1915 0-012 No record 
17/9/58 0430-0500 0-024 No record 
25/9/58 2210-0150 0:04 No record 
26/9/58 1800-0100 01 No record 


0-016 and 0:16 «V (c/s)"', corresponding 
flux densities ranging from 6 x 10~** to 6x 10°’ 
Wm (c/s) 

A comparison with magnetic data showed 
that all major magnetic storms were accom- 
panied by extended series of noise bursts or 
noise storms which sometimes lasted for 48 hr. 
The latter occurred on or following all days for 
which the daily K-index (Watheroo) exceeded 
30 (Fig. 1). On the rare occasions on which 
the magnetic storm was associated with an 
aurora visible from Camden, the noise bursts 
began at about the same time as the aurora. 
On the average they followed the magnetic 
sudden commencement after an interval of 
6542-7 hr (ten cases). Fig. 2(d) shows the 
record obtained during the auroral event of 
%h July 1958. During three noise storms the 
amplitude fluctuations followed a reproducible 
sequence lasting 36 hr with a 27-hr interval 
between a long burst lasting several hours and 
a much weaker burst (Fig. 2a,b,c). Two of 
these records showed remarkable similarity in 
the minute to minute variations. 

Since it is known that in the night airglow in 
sub-auroral latitudes the red oxygen line 
(6300 A) is strongly correlated with magnetic 
activity’, it might be expected that the airglow 
would also correlate with noise bursts. This 
was found to be so and an examination of 
Camden records for the 53 nights when both 
airglow and noise equipment were operating 
showed that both airglow and noise were re- 
corded during the same hours on 18 nights. 
On 27 nights neither was recorded and on 6 
nights noise was recorded in the absence of 
airglow. On 2 nights airglow was recorded 
without noise. The detailed relation between 
the noise and airglow intensities was not usually 
close. A strong noise burst could be accom- 
panied by weak airglow and vice versa. 
However, on three occasions the records 
showed the same minute to minute variation, 
strongly suggesting a common cause between 
the processes originating the two phenomena. 
Figs. 3(a) and 3(b) show two records of simul- 
taneous noise and airglow. Since it was likely 
that the noise may have propagated long 
distances beneath the ionosphere it was not 
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Fig. 3(a, b). Simultaneous records of 4:6 kes noise and 6300 A airglow. 
Fig. 3(c, d). Typical examples of short duration noise bursts. 
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Fig. 1. 


surprising to record noise in the absence of 
airglow. 

The majority of noise bursts recorded during 
the period June to December were not clearly 
associated with magnetic activity and were of 
short duration, usually lasting for less than 3 hr 
(Fig. 4). Figs. 3(c) and 3(d) show two examples. 
Such examples all occurred at night and only 
rarely was there more than one burst during any 
one night. Noise bursts recorded during the 
daylight hours were always associated with 


vurnber 


+ 


Duration of individual noise bursts. 


Fig. 4. 


ELECTROMAGNETIC RADIATION 


Comparison of the total noise power 
which the daily K-index (Watheroo) exceeded 


received in each 24-hr period with days for 
30. 


auroral activity. The diurnal variation of the 
starting time of all bursts is shown in Fig. 5. 

During one auroral daylight noise storm the 
loop antenna was rotated to see if it were 
possible to determine the direction of arrival of 
the radiation. The amplitude fell to 0-6 of its 
maximum value when the null of the loop was 
bearing 186° magnetic. It may prove possible 
therefore to locate the region where the radiation 
is fed into the ionosphere—earth duct. 


(b) 


Spectrum observations 
Although the spectrum analyser was not so 


sensitive a detector of noise as the fixed 
frequency recorder, sufficient spectra were 
accumulated to show that there were three 


distinct classes with different frequency limits 
(Table 2). Wide band bursts extending on the 


Table 2: 
Number of Centre frequency Bandwidth 
observations kc/s kce/s 
5 16 26 
7 4°1 
14 41 1-7 
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Fig. 5 


average from 2 to 29 kc/s were recorded only 
during major magnetic storms 

These usually showed large fluctuations in 
amplitude with an almost constant spectrum 
and were sometimes followed by a succession 
of very short isolated wide band bursts (Figs 
6(a) and 6(b)). Figs. 6(c), 6(d) and 6fe) show 
examples of a second class of spectrum in the 
range 4-10 kec/s These also occurred on 
magnetically active days but were more variable 
in spectral profile than the wide band bursts 
Some showed a gradual increase in frequency 
and bandwidth with time (Fig. 6c). Another 
type (Fig. 6d), obtained during the airglow 
burst of Fig. 3(b), showed several peaks between 
5 and 10 ke/s. A significant feature is the 
almost simultaneous onset of the burst at all 
frequencies, the 5 ke/s components beginning 
about 15 after the 10 ke/s components 
Fig. 6(a) shows the spectrum of the burst of 
Fig. 3d). The spectrum of Fig. 6(f) was ob- 
tained during the extended auroral noise storm 
the wide band spectra in its 
spectral features The cloudy 
appearance of the record is due to large ampli- 
tude variations without change in spectral 
profile 


sec 


ind resembles 


ibsence of 


Finally, the most common type of spectrum 
was of narrow bandwidth, usually | or 2 ke/s, 
centred at about 4 ke/s. The intensity and 
spectrum remained remarkably constant during 
bursts of this type (Fig. 6g). On the 4-6 kc/s 
recorder these narrow bandwidth bursts were 
brief and show no clear association with 


magnetic activity. 


Diurnal variation of starting time of noise bursts. 
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4. DISCUSSION 
With the small amount of information so far 


available, any discussion of the origin of 
terrestrial VLF noise bursts must be largely 
speculative. Nevertheless, over the last few 


years a considerable effort has been expended 
on the essentially similar problem of explaining 
solar radio noise bursts. These are generally 
believed to originate in the interaction between 
fast streams of charged particles and the plasma 
of the solar corona, and suggested mechanisms 
include plasma oscillations, gyro and syn- 
chrotron radiation and Cerenkov radiation” 

Similarly, one might expect that the inter- 
action between auroral particle streams and the 
plasma of the outer atmosphere of the earth 
would also produce radio noise. The gyro 
frequency and plasma frequency in this region 
are such that the wave frequency of noise 
generated by any of the above processes would 
be in the kilocycle to megacycle range rather 
than tens or hundreds of megacycles as for the 
sun. The main difference lies in the position 
of the observer and an acceptable process for 
the terrestrial case must provide for the propa- 
gation of the radiation inwards through the 
plasma to the ground instead of outwards 
through the solar corona. Since the critical 
penetration frequency of the F-region is much 
higher than the wave frequency of VLF noise, 
this means that the terrestrial process must 
produce “extraordinarily” polarised radiation 
instead of the “‘ordinary” polarisation favoured 
in the solar case. 

Specifically associated with the X-mode are 
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synchrotron process and the 
Cerenkov process, the former because it 
involves the gyration of charged particles round 
the geomagnetic field lines and the latter because 
it requires a refractive index greater than unity. 
radiation is synchrotron radiation 
emitted by non-relativistic particles at the gyro 
frequency and its harmonics®’. However, only 
the fundamental frequency may propagate 
to the ground without encountering an infinite 
refractive index at the level where the wave 
frequency is equal to the gyro frequency. At 
frequencies of a few kc/s the region of emission 
of gyro radiation would necessarily be at a 
distance of several tens of thousands of km 
from the earth 


the gyro or 


Civro 


Cerenkov radiation, on the other hand, is 
emitted by charged particles when the resolved 
component of particle velocity equals the phase 
velocity in some direction. For the X-mode the 
refractive index 


n= 1+ cos 6 —f*) 


where f,=plasma frequency, f,=gyro fre- 
quency =eH /(2=Mc) and f=wave frequency. 
If # represents the propagation angle and V the 
particle velocity, for particles travelling in the 
direction of the magnetic field the coherence 
condition for Cerenkov emission is 
C?/V? =n? cos? @. 
4 = propagation angle (see text) 


V =particle velocity 


Where and f<f,, substituting the 
expression for refractive index gives 
f=(V*ficos #)/(C*F,,). (1) 


A given frequency may be generated by the 
Cerenkov process under a wide variety of 
conditions of particle speed, plasma frequency 
and magnetic field intensity. For example, with 
a particle speed of the order of 10° km/sec, 
equation (1) may be satisfied at wave frequencies 
less than 10 ke/sec in most regions of the outer 
atmosphere. However, the persistence of the 


observed narrow spectral band at about 4 kc/s 
over long periods suggests strongly that it is 
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tv 
A 


RADIATION 


generated in circumstances which do not vary, 
and for this type of burst, at least, the gyro 
radiation hypothesis seems more likely. If the 
geomagnetic field at great distances still 
approximates that of a dipole, the gyro fre- 
quency would be 4 kc/s at about 6 earth radii 
from the centre of the earth. It is a remarkable 
coincidence that this is the region where particle 
streams from the sun should be stopped by the 
geomagnetic 

If narrow band noise bursts are due to gyro 
radiation from this region then it would be 
expected that the noise would be fed into the 
ionosphere earth duct over a narrow range of 
geomagnetic latitudes. In the gyro region 
(f~- fn) the refractive index varies with propa- 
gation angle in such a way that there is no 
guiding of the ray almost along the field lines 
as is the case, familiar in whistler propagation, 
when f < fy‘ Guiding would not become 
effective until the radiation had penetrated to 
lower levels with a gyro frequency several times 
the wave frequency, and the latitude at which 
the radiation would reach the ground would be 
expected to be somewhat less than with guiding 
throughout. 

On this hypothesis the high frequency com- 
ponents of the wide bandwidth bursts recorded 
during strong magnetic activity would be 
generated at smaller distances from the earth, 
where the gyro frequency is higher, and would 
enter the ionosphere at lower latitudes. On the 
other hand, the minute to minute correlation 
between airglow and noise intensities on a few 
occasions suggests that these bursts are not 
generated in a region remote from the iono- 
sphere. This receives support from the records 
of the airglow bursts of (b) 
where the high frequency components began 
slightly before the lower frequencies. On the 
gyro hypothesis a group of particles penetrating 


Figs and 3{a) 


the exosphere could be expected to excite the 
lower frequency first. If these 


bursts are generated by the Cerenkov process, 


components 


there would not be the same association 
between latitude and frequency as for the gyro 
process. 


Another phenomenon thought to be related 
to VLF noise is “dawn chorus” which usually 
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takes the form of rapidly rising whistles in the 
5 to 10 kc/s band, the time scale being of the 
order of tenths of a second. 

Gallet®’ has suggested that discrete, well 
spaced groups of charged particles entering the 
ionosphere may produce dawn chorus by a 
process analogous to the generation of radio 
noise in a travelling wave tube when the 
particle velocity equals the phase velocity of 
propagation. In a three-dimensional medium 
this 1s the same as the Cerenkov process '*) and 
his theory predicts well the rapidly rising 
frequency characteristic of dawn chorus. 
Randomly spaced groups of particles with a 
spacing less than a wavelength (about 6 km) 
would be expected to produce dawn chorus, 
without separation between the individual 
bursts, which would be recorded on the equip- 
ment described here as medium bandwidth 
VLF noise 


The 36 hr sequence of amplitude fluctuations 
illustrated in Figs. 3(a), 3(b) and 3(c) implies that 
the process of interaction between a solar stream 
and the exosphere may on occasions be repro- 
ducible to an extent remarkable in such a large 


scale phenomenon. However, to interpret the 
detailed amplitude fluctuations during the 
sequence as time variations may be misleading 
since they could be caused, at least in part, by 
the rotation of the observer with the earth past 
an interaction region almost constant in position 
in Right Ascension. The observed 27-hr 
interval between the two bursts would then be 
produced mainly by the 24-hr period of rotation 


necessary to bring the observer back to the 
vicinity of the interaction region. It would be 
possible to test this idea with simultaneous 
observations at different longitudes. 

The observed intensity of the noise—about 
10-'°Wm is several orders of mag- 
nitude greater than would be expected on a 
basis of Cerenkov emission or gyro emission 
by single particles. This discrepancy is not 
considered serious however since coherent 
emission by closely spaced groups of particles“ 
could increase the intensity to the observed 
levels 


(c/s) 
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ATMOSPHERIC DENSITIES FROM SATELLITES AND 
ROCKET OBSERVATION 


K. W. CHAMPION® and R. A. MINZNER* 
(Received 16 April 1959) 


Atmospheric densities deduced from high 
variability of which a large percentage is undoubtedly due to measurement errors. 


altitude rocket flights have a large 


Prior to 


the IGY, the available density data gave reasonable support to the ARDC Model Atmosphere 
Satellite data which at first appeared to be inconsistent with rocket data are now seen to be 


continuous with the average of presently available rocket derived densities. 


suggest the revision of the 1956 


ARDC Modei to lower densities near 
demand higher densities above 160 km (a twenty fold increase at 500 km) 


The current data 
100 km altitude and 
The revised altitude 


distribution of density implies (1) lower temperatures at 90 km and (2) temperature-altitude 
gradients between 105 and 160 km (two times the molecular-scale-temperature gradient of the 


1956 ARDC Model). 


atmosphere are discussed. 
1. INTRODUCTION 


The first atmospheric density data from 
observations on Russian satellites suggested 
that there might be a discrepancy between den- 
sities deduced from satellite data and those 
measured by rockets. Thus, results of rocket 
measurements of densities have been investiga- 
ted to determine their relative accuracy and 
likely errors. Also, a study has been made of 
the assumptions involved in calculating atmo- 
spheric density from satellite orbit data. In 
addition, densities have been calculated from 
more recent orbital data of all satellites 
launched prior to September 1958. The total 
atmospheric density data as of the above date 
suggest the need for a revision of current 
atmospheric models. A 1959 version of the 
ARDC Model Atmosphere has been defined 
and its density—altitude profile computed. An 
extension of this model to 5 earth’s radii is in 
reasonable agreement with Chapman’s solar- 
corona model. 


* Physics Department, Tufts University, Medford, 
Massachusetts, and Geophysics Research Directorate, 


Air Force Cambridge Research Center, Bedford, 
Massachusetts. 
+ Work initiated while at Geophysics Research 


Directorate, Air Force Cambridge Research Center, 
Bedford, Mass. Mr. Minzner is presently with 


Geophysics Corporation of America, 700 Common- 
wealth Avenue, Boston 15, Mass. 
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Density-altitude and temperature-altitude profiles for a revised model 


2. ROCKET DATA 


The results of rocket measurements above 
170 km’ are considered first. Although a 
number of rockets have been fired to measure 
densities at these altitudes, data has, so far, been 
published for relatively few flights. An early 
experiment by Horowitz and LaGow'” at White 
Sands (11.00 a.m., 7 August 1951) used a rocket 
instrumented with a Phillips ionization gauge. 
Unfortunately, the amplitude of the spin- 
modulated density-measuring signal during 
much of the flight was of the order of | per cent 
of a rapidly changing total gauge signal, result- 
ing in low accuracy. The mean values of up- 
and down-leg data can be seen in Fig. |. The 
experimenters’ estimate of error is a factor of 
two. 

The results of four high-altitude rocket 
firings at Fort Churchill, Canada, are also 
shown. One of these (11.21 p.m., 20 November 
1956) reported by Townsend and Meadows?” 
was a winter night (WN) flight of a Bennet type 
mass spectrometer. The results of this flight 
were found to be reliable at lower altitudes, but 
near 200 standard geopotential kilometers 
(km’), the experimenters’ own estimate of error 
is a factor of three, as indicated in the figure. 
In addition, the mass spectrometer did not 
record the density of either hydrogen or helium, 
and since the flight was made during an aurora, 
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Fig. 1. Atmospheric density data supporting the ARDC model atmosphere 1959. 
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© proportion of these gases (and, in particular, 
protons) at higher altitudes may not have been 
negligible. The low densities above 140 km’ 
therefore, not be considered too seri- 
usly. The other three high altitude firings, in 
which the instrumentation consisted of Phillips 


nd other types of gauges, were reported by 
LaGow, Horowitz and Ainsworth”. The first 
f tl curred during a winter day (WD) 
(1! a.m., 17 November 1956) but the rocket 
tumbled badly, and the error in measurement 
f be a factor of two or more. Only one data 
point has been reported for that rocket flight to 
lat [he second of these flights (4.00 p.m., 
29 July 1958) occurred during a summer day 
SD). The rocket attitude and telemeter data 
f this flight were both excellent. The graph 


that this measurement gave the highest 
density recorded on any rocket flight at these 
ltitudes. The error in the density measurement 
30 per cent. The preliminary 
results from the third one of these flights, fired 
inter night (1.00 a.m., 24 February 1958) 
hows an error of about +50 per cent. Neg- 
the unreliable data of 20 November 
the average of rocket data near 200 km’ 
ibout 5 times higher than the ARDC Model 
and suggests an upward revision of 
the density of the Model in this region. 
Densities from three earlier rocket flights are 
ymsidered along with densities from the more 
recent flights in the 110 to 170 km’ region and 


he about 


no 


10546 


these data are also shown in Fig. |. Byram, 
Chubb and Friedman reported densities 
derived from X-ray photon counter data 


obtained during an aerobee flight on 18 October 
1955, 3.50 p.m. at White Sands Proving 
Grounds. These densities tend to be rather 
high, especially between 140 and 150 km’ and 
have an unusual altitude variation. The scatter 
in the X-ray counting rate versus altitude, how- 
ever, suggests errors of more than a factor of 
two in these densities. Other considerations 
may also increase the error of these data. The 
other two flights are reported by Havens, Koll 
and LaGow"’, and together yielded nine 
scattered density points between 109 and 158 
km’ from Phillips gauge measurements on V-2 
rockets, one point from the flight of 7 March 
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1947 and eight points from the flight of 22 
January 1948. No accuracy is listed for these 
data*, but they are probably subject to con- 
siderable error due to a lack of altitude 
correction and the relatively crude techniques 
used at that time. 

The rocket flights of 7 August 1951, 20 
November 1956 and 29 July 1957 previously 
discussed in regard to high altitude densities 
also provide data in this lower altitude region, 
and while the accuracy of some of these data 
may be poor at the higher altitudes, the accuracy 
should improve at lower altitudes. At 200 km’ 
altitude, the data show a spread of about a 
factor of twenty. A large part of this variation 
is probably due to inaccuracy of the measure- 
ments at this altitude. Between 120 and 130 
km’, however, the spread of these data is within 
a factor of two and, together with the other 
rocket density data in this altitude region, fall 
considerably below the ARDC Model Atmos- 
phere 1956, suggesting the need for lowering 
of the density of the ARDC Model in this 
region. 

3. SATELLITE DATA 

Densities computed from satellite observations 
are shown in Fig. 1. These consist of those 
values computed by one of the authors (Cham- 


pion) plus those published values of other 
authors available at the end of 1958. The latter 
consist of data presented by Groves“, Harris 
and Jastrow’’, Mullard Observatory Priester 


et al.*’, Royal Aircraft Establishment 
Schilling and Whitney Schilling ef al 
Sterne and, finally, Sterne and Schilling 
[he calculations reported herein have been 
made using the equation developed by Sterne 
and the orbital data supplied by Air Force 
Cambridge Research Center Project “Space 
Track’’, Project ““Vanguard”’ and Smithsonian 
Astrophysical Observatory. Sterne’s equation 
relates the density to the rates of change of 


* The pressures from which these densities are 
may be in error by a factor of two” accord- 
ing to Havens et al.) These authors also show a 
single point at about 109 km for a flight of 21 
November 1950, but no further mention of it is made 
in their paper and it is not given in Fig. 1 of this 


derived 


paper. 


| 
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period, orbital parameters and physical data of 
the satellite. The physical data are: A, the 
effective cross-sectional area; M, the mass; and 
Cy, the drag coefficient. There is some spread 
of the computed densities, but all values derived 
from satellites, extending from 170 to 650 km’, 
are higher than densities of the ARDC Model 
Atmosphere at corresponding altitudes. The 
departure is small at 170 km’, but increases 
with increasing altitude. 

It is of interest to consider both the 
assumptions involved in the satellite density 
calculations, and also the probable errors of the 
results. Most previous investigators had used 
one-quarter of the total surface area for the 
effective cross-sectional area presented by a 
satellite in flight. This is accurate for a sphere, 
and approximate for other shaped objects if 
randomly oriented. The orientation of a non- 
stabilized satellite over a long enough period of 
time will probably not deviate very much from 
random. Neither a cylinder spinning about its 
axis nor a stabilized satellite will be randomly 
oriented, however, and the effective cross- 
sections of such bodies may differ by as much 
as a factor of ten from the value used above. 
The appropriate range of densities obtained 
from Explorer I (1958 2) data, for the limiting 
cases of the satellite moving side-on (lower 
density) and end-on (higher density) near 
perigee, is indicated by the horizontal dashed 
arrow on Fig. |. The range for the other 
Explorer satellites (1958 y and 1958 ¢«) is the 
same, for Sputnik IT and IIL (1957 8 and 1958 
1) it is somewhat smaller 

The value 2 used for the drag coefficient 
C,, was also investigated. Values of Cp) were 
calculated for various geometric figures, includ- 
ing cones, cylinders and truncated cones, either 
with fixed or random orientations. The exact 
values require a correction in the range 20 per 
cent to 25 per cent to the value of AC, for the 
Explorers and Sputnik I 

There is some doubt about the densities 
derived from orbital data of Sputnik I rocket 
(1957 21) and Sputnik If. This results from 
the fact that the values of M/A have not been 
published for these satellites. The data on Fig. 
1 have been calculated with values of M/A 


chosen so that the densities agree with those 
obtained from Sputnik I data. However, data 
from Sputnik II] and its rocket suggest that 
the correct value of M/A for the rockets may 
be as low as half this value. If this is so, the 
densities for 1957 21 and 1957 81 should be 
reduced by a factor of two. This then raises 
the paradox that Sputnik [ and its rocket give 
different densities. A partial explanation of 
this paradox may be that the sheath of charge 
around a satellite has a given thickness at a 
specified altitude, and that its effect (on drag 
due to ions) is proportionally greater with 
smaller satellites, giving an apparently larger 
density. This could also apply to Vanguard I 
(1958 £2). 

The possibility of seasonal variation of 
density has been investigated by plotting the 
satellite perigee latitudes as a function of time 
and comparing the density points. Preliminary 
results suggest that densities calculated from 
satellite data may be lower in the summer than 
in the winter at these altitudes. This statement 
is very tentative as later data may not confirm 
it, or the apparent difference in density may be 
due to some other reason, for example. 
variation in the amount of ionization of the 
atmosphere or in the photoelectric effect on the 
satellite. It is considered probable, in any case, 
that a significant percentage of the atmospheric 
gas at high altitudes is in the form of ions. 


4. ATMOSPHERIC MODEL 

Neglecting the possible temporal or latitude 
variations, the estimated mean values of 
satellite-derived densities tend to lie on a 
smooth curve, shown in Fig. |, starting at a 
point approximately 20 times higher than the 
1956 ARDC Model at 600 km’, gradually 
coming closer to that model with decreasing 
altitude and crossing it at about 153 km’. 
Between 170 and 200 km’, these satellite- 
derived densities agree well with the mean 
value of rocket-derived data. The extrapola- 
tion of this curve below 153 km’ again departs 
from the ARDC Model 1956 but agrees well 
with rocket data between 130 and 140 km’ 
which, in turn, suggest a rapid change in slope 
of the mean value of the density curve in the 
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region around 125 km’, bringing the curve 
smoothly back to the ARDC Model below 90 
km’. 

The apparent inconsistencies®: '*'’’ between 
satellite and rocket data suggested by the first 
satellite densities from Sputnik I and II orbits 
and the rocket data available at the end of 
1958, have essentially vanished in the light of 
the additional rocket and satellite data. The 
new concept of values of upper atmosphere 
densities brought about by these data have 
made it mandatory to revise the 1956 ARDC 
Model Atmosphere. This has been accom- 
plished (by Minzner) through the computation 
of a new molecular-scale-temperature function 
of geopotential altitude (Ty of H) consistent 
with the observed densities. This molecular- 
scale-temperature function was deduced by 
numerical methods starting with the 1956 
ARDC Model temperature at 53 km, well 
within the altitude range of good agreement 
between computed and observed densities. A 
series of molecular-scale-temperature gradients 
were selected intuitively each operating upward 
from this initial point, and corresponding 
densities were computed for reasonable altitude 
increments. That gradient yielding the best fit 
to the data was adopted up to such an altitude 
where the data demanded a change in gradient. 
Starting at a point slightly below this altitude, 
the trial process was repeated. Such a method 
is necessary, for, unlike the case of the tempera- 
ture-pressure—altitude relationship, the molecu- 
lar-scale-temperature (7) may not be explicitly 
determined from the slope of the density alti- 
tude function; a first approximation of the 
value of Ty may, however, be so determined. 

Starting at 53 km’ and upward, the value of 
the negative gradient of Ty is increased from 
that of the 1956 Model so that the second 
minimum in the 7, of H function between 79 
and 90 km’ has a value of about 165-7°K 
instead of 196°86°K. This lower value of Ty 
is necessary to produce the 50 per cent reduc- 
tion in density in the 105 km’ region from that 
of the ARDC Model 1956 as required by 
existing rocket data. The decrease in density 
from that of the ARDC Model 1956 is very 
small at the lower altitudes being only 2 per 
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cent at 80 km’. Above about 105 km’ the 
difference in density between the two models 
decreases with altitude as the density curve of 
the new model rapidly moves toward and 
crosses the 1956 Model at about 153 km’. This 
rapid change in the slope of the new log p 
versus H curve dictates a doubling of the value 
of dT,,/dH to 20°K/km’ between 105 and 160 
km’, followed by a rapid reduction of this value 
to 3-5°K/km’ above 200 km’. 

An extension of this model from 600 km’ to 
5 earth’s radii (about 32,000 geometric kilo- 
meters) using values of d7,/dH consistent with 
a constant value of dT /dZ equal to 3-18°K/km 
and mean molecular weight decreasing to | 
yields values of mass density which are in good 
agreement with Chapman’s solar-corona 
values’ at this distance from the earth. Even 
if these values should prove to be in agreement 
with future observations, however, it is unlikely 
that the hydrostatic equation and related tem- 
peratures alone will explain the mechanisms 
producing such densities. 

The heavy solid line of the Fig. 2 depicts the 
density—altitude profile of the 1959 ARDC 
Model Atmosphere. This is compared with the 
density curves of the ARDC Model 1956, the 
Smithsonian Models | and 2''”’, and the Grim- 
minger*’ Model | 45°L, in the same figure. 
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Fig. 2. Comparison of temperature~altitude func- 


tions for various atmospheric models. 


500 } 
| 
ARDC 1959 
= 
1000 2000 3000 


264 K. W 


The Grimminger Model was calculated 
theoretically before any rocket data were avail- 
able and yielded densities about 25 times too 
high at 150 km’ compared with rocket data 
The definition of the upper half of the 1956 
ARDC Model was determined from theoretical 
considerations before there were any satellite 
density data and at a time when the only pub- 


lished rocket density data above 100 km 
consisted of the ten scattered density points 
These were from rocket flights of 7 March 


1947, 27 January 1948 and 21 November 1950 
between the altitudes of 109 and 158 km plus 
one density point at 219 km’ from the flight of 

August 1951. The densities of the ARD( 
Model 1956 appear to be satisfactory at 150 
km’, but are about one twentieth of the observed 
values at 500 km 
100 km 


and times the observed 


values near The Smithsonian density 
models were devised to pass through early data 
points from Sputnik | and I 
different assumed 
gradients 


obtained 


and 


correspond to two single 


temperature The densities of these 
models are reasonably accurate above 200 km 
but their authors admit that these models do 
not account for atmospheric features between 
170 km 


region 


ind and are obviously unsuitable 


this 


5. CONCLUSIONS 

Satellite and rocket derived density data are 
in agreement with each other. The value of 
d log p/dH decreases much more rapidly above 
km than previously expected. The pro- 
posed 1959 ARDC Model, which departs from 
the 1956 Model above 53 km’, accounts for 
density data available at the beginning of 1959 
The 
tion suggests a great warming region between 
105 and 170 km’. Other temperature-altitude 
functions, differing slightly in detail from the 
one might have been used without 
seriously changing the computed density curve 
The major aspects, however, of lower tempera- 
tures in the 90 km’ region and higher gradients 
with correspondingly higher temperatures in the 
10S to 160 km’ regions are mandatory gross 
aspects of the new 7 of H curve as compared 
with that of the 1956 model 


ws 


related molecular-scale-temperature func- 
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Abstract-—-S. Chandrasekhar's solution of the equation of radiative transfer in medium 
scattering according to Rayleigh’s law has been used for an extensive series of computations of 
the scattered and diffusely reflected radiation directed outward from the top of plane 
stratified model of the atmosphere. The results are discussed in two parts, the first of which 
deals with the intensity, degree of polarization plane of polarization and the neutral points 
f the scattered and diffusely reflected radiation. Part II (see following article) will be a 
discussion of the upward flux, integrated over the hemisphere $ function of wavelength of 
the incident radiation, and of the albedo of the atmospheric model for an energy distribution 
of the incident light similar to that of the extra-terrestrial solar spectrum. The results are 
compared with similar quantities for the diffusely scattered radiation from the sunlit skv 


1. INTRODUCTION 

The exact solution of the equation of radia- 
live transfer in a medium scattering according 
to Rayleigh’s law, as developed by S. Chandra- 
sekhar to compute the 
characteristics of the scattered and diffusely 
reflected radiation directed outward from the 
top of a model atmosphere, the model corres- 
ponding in many espects to the sunlit portion 
of the earth’s atmosphere. All of the Stokes 
parameters, by which the radiation is described 
completely, have been determined as a function 
of sun elevation, depression and azimuth of 
the observed direction, optical thickness of the 
medium and reflectivity of the underlying 
ground surface. These Stokes parameters were 
then used to compute the total relative intensity 
and the entire polarization field of the upward 
radiation, the latter consisting of the degree of 
polarization, the orientation of the plane of 
polarization and the behavior of the neutral 
points (shown for the first time to exist in the 
upward radiation, as they were already known 
to exist in skylight). By introducing the known 
spectral energy distribution of solar radiation, 


has been used 


* Presently affiliated with The Stanford Research 


Institute, Menlo Park. California 
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the absolute intensity function of wave- 
length was determined for various values of sun 
elevation, direction of observation and surface 
reflectivity. Further, a double integration with 
respect to azimuth and depression angles gave 
the upward flux for any wavelength interval, 
and an additional integration with respect to 
wavelength gave the total upward flux of the 
scattered and diffusely reflected solar radiation 
Finally, approximation methods were used to 
determine the earth's planetary albedo due to 
scattering in the clear atmosphere, and standard 
to determine 
ty 


as a 


colorimetric methods were used 
the dominant wavelength and excitation 
of the scattered light 

It has been necessary to divide the discussion 
of these data into two parts, Part I to deal with 
the relative intensity and the field of polariza- 
tion, and Part II (see this volume, p. 277) to 
discuss the other features mentioned above. The 
most important results included in Part I are 
thought to be the following 

(1) The basic primary Rayleigh scattering 
pattern for a single particle is evident through- 
out the results, but the additional effects of 
multiple scattering and attenuation are of major 
but the smallest optical 


pur 


importance for all 
thicknesses. 
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(2) The intensity of the scattered light 
generally increases with increasing optical 
thickness, increasing sun elevation and decreas- 
ing angular depression of the observed 
direction 

(3) The surface reflectivity is much more 
important in determining the radiation emerg- 
ing from the top of the atmosphere than it is 
for the skylight 

(4) The degree of linear polarization of the 
scattered light is of about the same magnitude 
as that of skylight, and the plane of polarization 
is quite analogous to that of the skylight 

(5) Three neutral points occur in the 
upward radiation Their positions and 
behavior are analogous to those of the Babinet, 
Brewster and Arago points of skylight 


2. STOKES PARAMETERS FOR THE MODEL 
The problem is the following: Parallel 
neutral radiation of net flux =F per unit time, 
unit frequency interval and unit area, normal 
to its direction of propagation, is assumed 
incident on the top of a plane parallel Rayleigh 
atmosphere of finite optical thickness*. The 
type of source is immaterial, but we assume it 
to be the sun. The atmosphere is assumed to 
be bounded at the top by a perfect vacuum 
and at the bottom by a surface which is uniform 
and of infinite extent in the horizontal. The 
reflectivity of this ground surface is assumed to 
have an arbitrary fixed value A, which satisfies 
the condition 0<=A=1. If A=0, the ground 
is a perfect absorber and all radiation incident 
on it is removed from the system. If A=0, a 
part of the radiation incident on the ground is 
returned to the system. It is assumed that this 
radiation is reflected according to Lambert's 
law, i.e. the reflected radiation is completely 
unpolarized and of uniform intensity in the 
outward hemisphere. It is required to find the 
intensity and state of polarization of the radia- 
tion emerging from the top of this model 
atmosphere. 
The direction of propagation of the incident 
light is defined by the zenith angle 6, and azi- 
muth <, of the sun; for the light emerging from 


* For a definition of optical thickness see p. 12 of 
Chandrasekhar. 


the top of the atmosphere the corresponding 
coordinates are the nadir angle @ and the 
azimuth taken with respect to that of the sun, 

For convenience, «,=cos@, and 
u=COs 4 are used as the directional parameters, 
instead of 4, and @. 

For no ground reflection (A =0), the intensity 
components /, and /,, parallel and perpendicu- 
lar, respectively, to the vertical plane in the 
azimuth of the observed point, and the Stokes 
parameter LU’) were computed from the expres- 
sions? : 


2 (2) + —4an, — CL — 22)! » 
«Lx? (un) x? (n,.) — (un) (u,)] cos (2, — 2) 
(1 — y™ (n) (n,)] 
cos 2{: =)} (1) 


F 
~{x (x) )+yx(u)]4 


20 (a) [e +O — + & 
24 (u) 6 (n,)] + CL — 02) x?) 


(n,)] cos 2 (2, (2) 
U (+, Mos = {4u, (1 (1 — x 
LO — yO sin (2, — 2) 4 

2u (1 — 22) (n,.) —y™ vO(n,)] » 
sin 2(z, —<)}. (3) 


rhe quantities x" and y', (i=1, 2, 3, 4) are 
solutions of a pair of non-linear integral equa- 
tions developed by Chandrasekhar. Two pairs 
of these so-called x and y functions appear 
explicitly in the above equations. The other 
two pairs combine with a set of constants to 
form the eight functions v ¢ x 

(x), » & Gd (the “scattering func- 
tions”). For a given optical thickness, both the 
x and y functions and the scattering functions 
depend only on » or 

If the underlying surface is assumed to 
reflect, by Lambert's law of reflection, a given 
fixed fraction A of the radiation on it, then the 


+ The fourth Stokes parameter, V, vanishes in a 
Rayleigh atmosphere. 


10 


intensities 7, and /, are augmented, respectively, 
by the additional intensities 


¥r [y- (4) + y- (S) 


As 


Since the reflected radiation is assumed to be 
isotropic, the azimuth does not enter (4) and 
(5). The quantity s is a function only of the 
optical thickness, and the y,[i=e,r] are func- 
tions of both the optical thickness and the 
zenith angle 

The functions in the above expressions are 
available in tabular form, and were obtained 


for the present work from Sekera and 
Ashburn"* for optical thickness =0°02, 0-05, 
0-10; from Sekera and for 
0-25, 1:0; and from Chandrasekhar and 
Elbert™’ for =0-50. 


3. RELATIVE INTENSITY 
3.1. Intensity in sun's vertical 

In the following the relative intensity will be 
taken to mean the total intensity /=/,+/, of 
the radiation emerging from the top of the 
model atmosphere, with the incident flux 
assumed to have the value =, F being taken 
as unity. 

The general effect of optical thickness is seen 
in the curves of Fig. 1, in which the intensity 
is plotted as a function of direction in the sun’s 
vertical for three values of optical thickness. 
The increase of intensity near the horizons is a 
fairly characteristic feature of the radiation 
field, although exceptions do occur, as will be 
seen in a later diagram. The intensity increases 
with an increase of optical thickness, but not as 
rapidly as does the number of scattering centers, 
which is the same as saying that the average 
scattering efficiency decreases with increasing 
optical thickness. This is easily explained by 
considering the attenuation of the incident and 
scattered radiation during their traverse of the 
scattering medium. A _ particle is, on the 


average, illuminated by less intense incident 
radiation for large optical thickness'”’, 


and the 
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scattered radiation 
emerging from the atmosphere. 
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is attenuated more before 


It is interesting to note the relative import- 


ance of multiple scattering in the intensity for 
the different optical thicknesses. 


The intensity 


RELATIVE INTENSITY 


4 


Fig. 1. Relative intensity for three different values 
of optical thickness as a function of direction in the 
sun’s vertical. Dashed curves are primary scatter- 
solid curves include higher order 
0-40, A-0). 


ing only ; 
scattering (u 


of the primary scattered light is easily shown to 
be": * 

F 
Pd ? 
/ 4 (v) 


it = 4 


where v is the scattering angle and P (vy) is the 
phase function determining the angular distri- 
bution of the scattered light. If we compute 
/, for the Rayleigh phase function 
P =} (1 + cos*v) 

and optical thickness ~=0-02 and 10, we 
obtain the dashed curves of Fig. |. It is seen 
that for > =0-02 multiple scattering is of minor 
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importance, but for large optical thickness 
multiple scattering plays a major role, as shown 
by the curves for -=1-0 As increases 
further, the effect of multiple becomes domi- 
nant, and as >> the intensity J, in (6) 
approaches asymptotically to a constant value 
which is only a relatively small fraction of the 
total intensity of the scattered light 
The effect of optical thickness is 
explicitly by Fig. 2, in which 
function of optical thickness is given for low 
and moderate sun elevations at eight different 
directions in the sun's vertical. The negative 
fourth power dependence on wavelength for 


shown 
the intensity as a 


Fig. 2 
thickness, for two sun elevations and eight different 
0,A-0) 


Relative intensity as a function of optical! 


directions in the sun's vertical ( 


primary scattering is responsible for the sharp 
increase at small optical thickness, particularly 
pronounced for low sun elevation. Attenua- 
tion effects entering at larger values of optical 
thickness cause the change of slope of the 
curves, the change being most marked, as 
would be expected, for long pathlengths of both 
the incident and scattered radiation 


COULSON 


The effect of sun elevation on the intensity 
of the scattered light is shown by the curves of 
intensity, at eight different depression angles 


Fig. 3 
ness as a function of sun elevation 


Relative intensity for large optical thick- 


for eight differ- 
0,A-0) 


ent directions in the sun's vertical (> —1 


and at the azimuths of the sun and antisolar 
point, in Fig. 3. As the sun elevation changes, 
two effects tend to oppose each other resulting 
in a smaller change of intensity of the diffusely 
scattered light than might be expected. First, 
the flux incident on a unit horizontal surface 
at the top of the atmosphere is directly propor- 
tional to cos 4,. But the pathlength through 
the medium, and consequently the number of 
scatterers encountered by the incident ray, is 
inversely proportional to cos 4 If attenua- 
tion of the incident and scattered light were 
entirely negligible, the two effects would 
exactly compensate each other and the intensity 
of the light scattered at a given scattering angle 
would be independent of sun elevation. The 
actual dependence, most pronounced for the 
case of large optical thickness shown by Fig. 3, 
is directly attributable to attenuation effects. 
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lhe reflectivity of the underlying surface is 
very important in determining the character- 
istics of the radiation emerging from the top 
of the model atmosphere. For the case of 
small optical thickness and moderate or high 
surface reflectivity, the emergent light is 
principally that reflected from the surface 
directly, the effect of scattering being very 
minor by comparison. The plot of intensity as a 
function of depression angle in the sun’s 
vertical for three different values of surface 
reflectivity, reproduced in Fig. 4, shows that 


Fig. 4. Relative intensity as a function of direction 

in the sun's vertical, for moderate optical thickness, 

53° and three values of surface 
0-15, u 0-80). 


sun elevation 
reflectivity (- 


even for moderate optical thickness the surface- 
reflected light may constitute the major part of 
the emergent light. For higher optical thickness 
the reflectivity is relatively less dominant but 
still very important, even for optical thickness 
r=1-0. 

The decrease of intensity in the regions near 
the horizon is a characteristic feature for all 
optical thicknesses for the strong “internal” 


source represented by a surface reflectivity of 
It is only for the case of large optical 


A =0°80. 
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thickness that the “internal” source represented 
by scattering alone is sufficiently strong to cause 
the darkening of the region near the horizon. 
(It should be pointed out that the theory is not 
applicable right at the horizons, because of the 
assumption of a plane parallel atmosphere. 
Consequently the computations were stopped 
at u=0-02, corresponding to a point 1'1° below 
the horizons.) 


3.2. Intensity over entire downward hemisphere 

Che intensity at different azimuths over the 
downward hemisphere has much the same 
distribution as it does in the sun’s vertical. For 
cases in which the horizon is bright at the solar 
and antisolar azimuths, it is bright at other 
azimuths also, although the relative intensity is 
somewhat less at the 90° azimuth than in the 
sun's vertical. The intensity distribution over 
the entire downward hemisphere, for large 
optical thickness and zero surface reflectivity, 
is shown in Fig. 5. The diagram is supposed 
to represent one half of the downward hemi- 
sphere, the circumference being the horizon, 
and distance toward the center representing 
angular distance below the horizon (angular 
depression) on a linear scale. The maximum 
does not appear at the antisolar point, as it 
would for only primary scattering, but is shifted 
toward the antisolar horizon. The increased 
number of scatterers toward the horizon more 
than compensates for the intensity decrease 
expected by the Rayleigh phase function. The 
darkening near the horizon, which was men- 
tioned in the previous section, is evident at and 
near the antisolar azimuth. The darkest band 
follows roughly the pattern indicated by the 
Rayleigh phase function, although the minimum 
is shifted somewhat toward the nadir because 
of the plane stratified distribution of the 
scatterers 

For smaller optical thickness the region near 
the horizon is everywhere the brightest part, but 
otherwise the pattern is similar to that shown. 
Surface reflection, being assumed independent 
of azimuth, does not change the distribution 
with azimuth very much, but serves principally 
to increase the magnitude of the intensity. High 
reflectivity, however, does produce an intensity 
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Distribution of relative intensity over the downward hemisphere 
for large optical thickness and sun elevation 53° (- 


1-0, u, =0-80, A-0) 


DOWNWARD RADIATION 
(SKYLIGHT) 


Fig. 6. Distribution of intensity of the light emerging from the top of the 
atmosphere and of the skylight as a function of direction in the sun's vertical, for 


moderate optical thickness, sun elevation 53 
reflectivity (-=0-15, 


indicated by <— ©. 


and three values of surface 
0-80, A=0, 0-25, 0-80). The sun's position is 
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maximum below the horizons, as discussed 


above. 


3.3. Comparison with intensity of skylight 

The intensities of the sky radiation as deter- 
mined by Sekera and collaborators''*: '*) may be 
very advantageously used for comparison, since 
they are based on the same theory. They are 
the more valuable for this purpose since they 
have been found to agree in many important 
respects with actual conditions in a clear atmo- 
sphere, and thereby lend further credibility to 
the theory. 

A typical example of the intensity distribu- 
tion, for both the skylight and the light 
emerging from the top of the model atmosphere 
of optical thickness =0-15, is given in Fig. 6 
for a sun elevation of 53:1° and for three 
different values of surface reflectivity. The 
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similarity of the curves representing the upward 
and downward streams of light for A=0 is 
attributable directly to scattering according to 
the Rayleigh phase function, the minimum 
occurring at about 90° from the direction of the 
sun in each case. For +0 the two streams 
must be identical, and for larger values of 7 
multiple scattering and attenuation effects cause 
the upward intensity to be the greater. Surface 
reflectivity is seen to have a much greater in- 
fluence on the intensity of the upward radiation 
than on the intensity of skylight. 


An equivalent scattering diagram for >= 1-0 
is reproduced as Fig. 7. Downward scattering 


of the surface-reflected light by the large 
number of scatterers greatly increases the 
intensity of the skylight, while the intensity of 
the upward radiation is increased mainly by 
scattering of the direct incident radiation, 


Fig. 7. 
A=0, 0-25, 0-80). 


DOWNWARD RADIATION 
(SKYLIGHT) 


Same as Fig. 6 except for large optical thickness (r=1-0, u, 


UPWARD RADIATION 
* fy 
b 
=O 
| 0-80, 


K 


surface reflectivity being much less important 
here than it is for smaller values of optical 
thickness. 


4. DEGREE OF POLARIZATION 

The degree of polarization of the diffuse sky- 
light has been studied quite extensively by 
Sekera and collaborators during the last few 
years both by actual measurements and 
by the theory developed by Chandrasekhar 
Since the same principles apply for the diffuse 
light directed upward from the top of the 
atmosphere, it is reasonable to expect the 
degree of polarization to follow the same 
general pattern as that found for skylight. Such 
is indeed found to be the case, but some impor- 
tant differences occur also 

he degree of linear polarization is given by 


for the case of surface reflectivity A 


(7) 
0, and by 
(8) 
for A=0 
In the sun’s vertical U =0, 
simplify, respectively, to 


and (7) and (8) 


(9) 
and 


P=(1,+P (10) 


For convenience 
given by 


the degree of polarization 
(9) or (10) is represented as either 
positive or negative; in (7) or (8) P is considered 
positive 

lhe general characteristics of the polarization 
distribution can be seen from Fig. 8, in which 
the degree of polarization is plotted as a func- 
tion of the nadir for three different 
optical thicknesses. The high degree of polari- 
zation for small optical thickness results from 
the predominance of primary scattering 


angle, 


Con- 
versely, the much greater number of scatterers 
for large optical thickness results in greater 
multiple scattering and a consequent decrease 
of the polarization. For the same reason. the 
angular distance of the neutral points from the 
antisolar point increases with optical thickness 

For the case of no ground reflection the 
degree of polarization is almost independent of 
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0-80 


« 
& 
é 
Fig. 8. Degree of polarization as a function of 


direction in the sun's vertical, for sun elevation 
24° and three different values of optical thickness 
(7 =0-02,0-15,1-0; =0-40; A=0) 


sun elevation, but its angular distribution shifts 
with the sun’s position. The maximum is always 
located at approximately 90° to the direction 
of the sun, and there is slight negative polari- 
zation in the vicinity of the antisolar point. The 
increased number of scattering centers near the 
horizon decreases the polarization slightly in 
that region with respect to that at the nadir, 
thereby creating a slight asymmetry of polariza- 
tion around the 90° point and tending to shift 
the maximum toward the nadir. This effect is 
very minor, however, and results in a shift of 
only a degree or two at most 

The degree of polarization of the light up- 
ward from the top of the atmosphere is more 
affected by surface reflectivity than is that of 
the skylight. The numerator of (8) or (10) is 


determined almost entirely by the scattered 
light, since the light reflected from the ground is 
assumed to be neutral. 


The denominator, how- 
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ever, is simply the total intensity. As was 
shown in the previous section, the total inten- 
sity is very sensitive to the reflectivity of the 
surface, and the degree of polarization is 
therefore sensitive to surface reflectivity. 
Typical curves of the degree of polarization 
as a function of direction in the sun’s vertical 
are given in Fig. 9, for large optical thickness 


30 


Fig.9. Degree of polarization as a function of 
direction in the sun's vertical, for large optical 
thickness, sun elevation 53° and three different 
values of surface reflectivity (r=1-0, u 
0-80, A=0, 0-25, 0-80). 


and three values of surface reflectivity. It is 
seen that for the case of A =0-80 the maximum 
is less than half that for A =0, and its position 
is shifted by as much as 10° from the normal 
position. The addition of unpolarized light 
reflected from the surface could not be expec- 
ted to change the positions of the neutral points 
much, and indeed it does not. 

A much greater effect of surface reflectivity 
is shown by a similar diagram for small optical 
thickness, reproduced as Fig. 10. Here the 
degree of polarization is very small throughout 
most of the sun’s vertical, being greatly 
decreased by the intense but unpolarized reflec- 
ted light for both A =0-25 and A=0-80. It is 
only for the long pathlengths near the horizon, 
in which the scattering is considerable and the 
reflected light is strongly attenuated, that the 


OF POLARIZATION 


DEGREE 


+- ANTISOLAR POINT 


0 
NADIR ANGLE, 

Fig. 10. Degree of polarization as a function of 
direction in the sun's vertical, for small optical 
thickness, sun elevation 53° and three different 
values of surface reflectivity (7=0-02, wu 
0-80, A--0, 0-25, 0-80). 


degree of polarization approximates its value 
for A=0. 

The distribution of the degree of polarization 
over the downward hemisphere is shown in Fig. 
11 for the case of moderate optical thickness 
and zero surface reflectivity. The maximum is 
seen to be located in a band about 90° from 
the antisolar point, with very small polarization 
over a region near the antisolar point. Both 
these features are attributable to the Rayleigh 
scattering pattern directly. The pattern for 
higher and lower optical thicknesses is generally 
the same as that shown, but the maximum is 
somewhat greater for small optical thickness 
and less for large optical thickness. The whole 
pattern shifts its position as the sun elevation 
changes, maintaining the same relative position 
with respect to the direction of the antisolar 
point as that shown. For the sun at the zenith 
the pattern must be independent of azimuth, 
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Fig. 11 


(r =0-15, ~0-80, A=0) 


with a neutral point at the nadir and the 
maximum degree of polarization extending 
around the horizon 

By comparing these figures with equivalent 
diagrams for skylight it is seen that the 
degree of polarization of the scattered light 
emerging from the top of the atmosphere has 
almost exactly the same character as that of 
skylight under the same conditions, except that 
the position of the sun for skylight is replaced 
here by the position of the antisolar point. 
Ground reflection, however, has a much greater 
effect here than it has for skylight 


5. PLANE OF POLARIZATION 

If only the primary scattering is considered, 
as in the original Rayleigh theory, the plane of 
polarization has a simple orientation, being 
everywhere normal to the plane containing the 
directions of the antisolar point and the obser- 
ved point. The angle can then be computed 
from an expression easily derived from spheri- 
cal trigonometry. In this case the plane of 
polarization in the sun's vertical is everywhere 
normal to the plane of the sun's vertical, except 
in the direction of the antisolar point. In that 
direction the light is neutral, so no plane of 
polarization exists. Outside the sun’s vertical 
the plane is defined everywhere. This case has 
been discussed by Coulson and Sekera'’* for 
skylight. 
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Distribution of the degree of polarization over the downward 
hemisphere, for moderate optical 


degrees 


thickness and sun elevation 53 


If multiple scattering is taken into account, 
many of the features in the orientation of the 
plane of polarization are similar to those of 
simple primary scattering, but some additional 
features appear. The distribution of the plane 
of polarization over the downward hemisphere 
for moderate optical thickness and moderate 
sun elevation is given in Fig. 12. Neutral 
points occur above and below the antisolar 
point (or below the antisolar point and below 
the sun for very low sun elevations), the anti- 
solar point itself being no longer a neutral point 
In the region between the neutral points /,</, 
(negative polarization), and the plane of polari- 
zation is in the sun’s vertical. Outside this 
region everywhere in the sun’s vertical /,>T/,, 
and the plane of polarization is normal to the 
sun's vertical. For regions other than the sun’s 
vertical the orientation of the plane of polariza- 
tion is similar to that for primary scattering, 
although multiple scattering does produce 
minor angular shifts 

From the above remarks it can be seen that 
the orientation of the plane of polarization for 
this case of the light emerging from the top of 
the model atmosphere is almost identical with 
that for the case of skylight, except that the 
directions of the sun and antisolar point are 
interchanged. The changes of the plane as a 
function of optical thickness and sun elevation 
are also essentially the same as for skylight, 
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Fig. 12. Distribution of the plane of polarization over the down- 
ward hemisphere, for moderate optical thickness and sun 
elevation 53° (r ~0-15, 0-80, A=0). Positive angles indicate 
the plane to lie in the first and third quadrants; negative 
angles indicate the second and fourth quadrants of a cartesian 
co-ordinate system. 


which have already been described by Coulson 


and Sekera’'*’. 
30} 
6. NEUTRAL POINTS . 
The positions of the neutral points of skylight _ | 
have been studied probably more extensively y | 
than any other feature of skylight polarization, 5 | 
from both observational and theoretical view- B sol 
— = The present investigation = | 
shows that the neutral points of the light emerg- s 
ing from the top of the model atmosphere are d 
completely analogous to those of skylight, with 2 | 
the interchange of direction of sun and antisolar = 0 
point. The angular distances between the me 
neutral points and the antisolar point as a func- > 
tion of sun elevation is given, for three different : 


optical thicknesses, in Fig. 13. The equivalent 

positions for the neutral points of skylight 0 20 4 60 @0 90 
(Babinet and Brewster points) are given for SUN ELEVATION, degrees 
r=10, for comparison. It is seen that the 


Fig. 13. Angular distance between the antisolar 


behavior is essentially the same, although there : 
point and the neutral points as a function of sun 
ali slight difference of relative position for low elevation, for three different optical thicknesses. 
sun elevations. The intervals of «, at which The upper of the solid curves for each optical 
the present computations were made are too thickness is for the point above the antisolar point, 
large adequately to define the behavior of the and the lower one is for the point below the anti- 
point appearing beneath the sun for low sun solar point. Positions of the neutral points of sky- 
elevations (i.e. the point equivalent to the Arago light are included for r=1-0, in which case the 


point of skylight), but the computations show reference is the sun. 
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that it does exist, and the few values of its 


position 


which are available indicate its 


behavior to correspond closely to that of the 
Arago point. 
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The solution of the equation of radiative transfer in a medium exhibiting Rayleigh 
scattering, as developed by S. Chandrasekhar, has been used for an 
computations®’ of the characteristics of the scattered and diffusely reflected radiation emerging 
from the top of an atmospheric model which corresponds in many respects to the sunlit portion 
of the earth’s atmosphere. The first part of this two-part discussion dealt with the intensity 
degree of polarization, plane of polarization and the neutral points of the emergent light as 
functions of sun elevation, direction in the downward hemisphere, optical thickness of the 
model atmosphere and reflectivity of the underlying surface. This second part is concerned 
with the upward flux obtained by an integration of the intensity over the entire hemisphere, for 
the incident radiation (a) being independent of wavelength or (b) having the spectral distribution 


Abstract 


extensive series of 


of the extra-terrestrial solar radiation 
together with 


an approximation for the sphericity of the atmosphere, yields a 


Integration with respect to wavelength in the latter case. 


value of 


7-6 per cent for the earth’s planetary albedo due to scattering by the clear atmosphere. An 
approximation for ozone absorption decreases the computed albedo to 6-9 per cent. 


1. INTRODUCTION 


Parallel unpolarized radiation of net flux 
=F per unit area normal to its direction of pro- 
pagation is assumed incident on the top of an 
idealized atmosphere from a direction specified 
by the sun’s zenith angle 4,. The atmospheric 
model is characterized by being (a) uniform and 
infinite in the horizontal (b) non-absorbing (c) 
composed of scattering centers which are small 
compared to the wavelength of the light and 
(d) of finite optical thickness. Further, the 
upper boundary is a perfect vacuum and the 
lower boundary is a Lambert reflector with an 
arbitrarily fixed reflectivity A (O=A=1). The 
problem in this second part of a_ two-part 
discussion™? is to determine the flux of scattered 
and diffusely reflected radiation directed 
upward from the top of the model atmosphere 
and obtain an estimate of the earth’s planetary 
albedo due to scattering by the clear 
atmosphere. 


* Presently affiliated with The Stanford Research 
Institute, Menlo Park, California. 


2. TOTAL OUTWARD FLUX 


2.1. Relative flux (incident radiation indepen- 
dent of wavelength) 

It is possible to determine very simply the 
total integrated flux of radiation proceeding in 
the outward direction from the top of the model 
atmosphere for a given inward flux incident on 
the top of the atmosphere, and thereby compute 
both the monochromatic reflectance of the 
atmosphere and the reflectance integrated with 
respect to wavelength. The first of these 
quantities will be called the reflectance and the 
second the albedo. 

rhe total outward flux from the top of the 
atmosphere in unit frequency interval and unit 
time is given by 


D -| | ¢)sin cos 6 dé dz 


udud>. (1) 
where ¢ and 4 are the azimuth and nadir angles, 


respectively, and u=cos @. The intensity / is 
in general a function of both » and ¢, but it can 
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be expressed as a sum of three terms, the first 
of which is independent of azimuth and the 
other two are functions of azimuth only in a 
cosine relation. Thus 
I (u, ] (u)+f™ (nu, uw.) cos(: 

+ f (u, cos 2 (>, —¢). (2) 
If the integration indicated in (1) is carried out, 


the azimuth dependent terms vanish, and (1) 
becomes 


(un) udu. (3) 


Now if the light incident on the atmosphere is 
neutral, 7° (x) can be expressed as 


3 


where the S°” (i, j=e, r) are elements of an 
azimuth independent scattering matrixt, func- 
tions of both « and «,. For a net incident flux 
=F (3) reduces to 


D =F ity | | (5) 


where the y, («,), (=e, r) are the same as those 
discussed in part I’, and are available in 
tabular form. (5) represents the total flux of 
monochromatic radiation emerging from the 
top of the atmosphere, for the case of no ground 
reflection 

If ground reflection is taken into account, 
there is an additional stream of light of intensity 
/* emerging from the top of the atmosphere 
and, if we assume incoherency of the streams, 
the intensities are additive. The intensity /* 
can be expressed in terms of the scattering 
matrix and an additional matrix involving the 

(i=e, r). The azimuth dependence again 
vanishes on integration, and the total flux of the 
radiation reflected by the ground which 
emerges from the top of the atmosphere can, 
for the case of neutral incident light, be expres- 
sed as 


At, (Ho) + | 
] F (6) 


+ See p. 276 of Chandrasekhar. 
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Here A is the reflectivity of the ground and s 
is a known function of only the optical 
thickness. 

On adding (5) and (6), we obtain the total 
radiative flux D_ emerging from the top of the 
atmosphere, in unit time and unit frequency 
interval, as 


L As 


This is for an incident flux of =F, units of 
energy on a unit horizontal area at the top of 
the atmosphere, in unit time and unit frequency 
interval. D_ will be called the total relative 
monochromatic flux, when F = 1. 

Curves of the total relative monochromatic 
flux emerging from the top of the atmosphere 
as a function of wavelength, for various sun 
elevations and values of surface reflectivity, are 
given in Fig. |. A great change of flux with 
wavelength is seen for the scattered light only 
(A=0), particularly for high sun elevations 
(nu, =cos 6,=0°80, 1-0). The effect of attenua- 
tion of the light for the various sun elevations 
is apparent from a comparison with the curve 
(X's) computed from the relation 


D =(Const.) x (A~*), (8) 


where the constant was evaluated for «,=1-0 
at wavelength A=8000 A. Physically it shows 
the flux which would result from primary Ray- 
leigh scattering if there were no attenuation of 
either the incident or scattered light. The 
opposing effects of changing sun elevation and 
the corresponding changing atmospheric path- 
length of the incident radiation exactly 
compensate each other, so the curve is valid for 
all sun elevations. 

The change of flux with wavelength is greatly 
decreased for A =0'25, and practically elimina- 
ted for A=0-80, by the influence of surface 
reflectivity in the long wavelengths. The great 
transparency of the atmosphere for these long 
wavelengths is evidenced by both the small 
attenuation during two traverses of the total 
depth of the atmosphere and the small flux 
scattered upward by the atmosphere itself. 


| | 


0g scole 


relative monochromotic fiux, 


otal 


By dividing the values of the upward flux 
D, contained in Fig. 1 by the incident flux we 
obtain the reflectance of the atmospheric model 
as a function of wavelength. Thus 


R D /7Fu,. (9) 


Some typical results for various sun elevations 
and surface reflectivities are given in Table 1. 
he values show an increase of reflectance with 
decrease of wavelength at all sun elevations for 
the case of A=0, the increase being most pro- 
nounced for high sun elevations. Ground 
reflection increases the reflectance at all wave- 
lengths, but, as expected, the increase is greatest 


at wavelengths for which the atmospheric 
1-6 
200 T T 7 


n 20 
fy) 05 
9.02 
3000 4000 5000 6000 7000 
Wavelength, A 
Fig.1. Total relative monochromatic flux emerg- 


ing from the top of the atmosphere as a function 
of wavelength, for various sun elevations and three 
values of surface reflectivity : A-0 (solid curves), 
A-0-25 (dashed curves) and A=0-80 (dotted 
curves). Curves are labeled with values of u,. 
A curve (x) for primary Rayleigh, scattering and 
no attenuation is included for comparison. 
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that, for high surface reflectivity (A 
high sun elevations (1, 
the atmosphere is actually to decrease the 


to be unity. 


279 


transparency is greatest. [t is interesting to note 


0-80) and 
0-80, 1-0), the effect of 


reflectance of the atmosphere-ground system by 


a small amount over a wide range of wave- 
lengths. 


2.2. Absolute flux (incident radiation a function 


of wavelength) 

In the discussion thus far F has been assumed 
It is of interest to see the charac- 
teristics of the flux emerging from the top of 
the model atmosphere, if we assume the incident 
flux has the same variation with wavelength as 
the solar radiation does have at the outside of 
the atmosphere. The most recent data avail- 
able on the extra-terrestial flux F,, of solar 
radiation have been summarized by Nicolet" 
and tabulated at 100 A intervals by Deirmen- 
djian*. These data have been used for 
computations of the total absolute monochro- 
matic flux J emerging from the top of the model 
atmosphere. Values of J, for A=0 have been 
plotted as a function of wavelength for five 
different sun elevations in Fig. 2. A pronounced 
shift of the maximum toward longer wave- 
lengths with decreasing sun elevation is seen, 
the first major maximum being suppressed 
entirely at the lowest sun elevation. 

Two important features can be deduced by 
comparing the solid curves of Fig. 2 with 
equivalent curves for skylight. One such curve 
for skylight, as given by Deirmendjian and 
Sekera’’’, is included in the diagram. First, the 
scattered light emerging from the top of the 
atmosphere would tend more toward violet than 
the skylight, the difference being most 
pronounced for low sun elevations. Secondly, 
the total flux of scattered light directed upward 


500° from the top of the atmosphere must be at least 


as great as the total flux of scattered light 
directed downward from the bottom of the 
atmosphere. It is only for the limiting case of 
+->0 that the two fluxes are equal: otherwise 
the upward flux is the greater. 

It is interesting to compare the flux of the 
emergent radiation with that of the incident 
radiation, both being integrated over a specified 
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Table 1. Reflectance of the Atmospheric Model at Various Wavelengths, for Represen- 


tative Values of Sun Elevation and Surface Reflectivity. 


4 L\3150A 4000 S000 6000 7000 S000 
0 0-02 0-754 0-638 0-565 0-503 0-430 0325 
0 0-10 0-705 0-552 0: 396 0247 0154 0-094 
0 0-40 0-550 0-152 0-079 0-044 0-024 
0 0-80 0-400 oO! 0-085 0-039 0°02? 0-013 
0 1-00 0-345 0-148 0-068 0-033 0-017 0-009 
0-25 0-02 0-791 0-712 0-665 0-625 0-574 (494 
0-25 0-10 0-752 0-643 0-536 0-427 0: 362 0-319 
0-25 0-40 0-345 0-298 0276 0-285 
0-25 0-80 0-492 347 0293 0-271 (260 
0-25 1-00 0-450 0:32? 0: 280 0-264 0256 0-255 
0-80 0-02 0-922 0-910 0-904 0 896 (865 
0-80 0-10 0-918 0-892 0-866 0-84? 0-826 O815 
0-80 0-40 0-860 0-830 0-812 0-805 0-803 0-800 
0-80 0-80 Ogi! 0-798 (798 0-798 0-798 0-799 


0-80 1-00 (794 0-79? 


Wovelength A 


Fig. 2. Absolute monochromatic flux from the 


top of the model atmosphere as a function of wave- 
length, for zero surface reflectivity and five differ- 
ent sun elevations (u,=1-0, 0-40, 0-20, 0-10 
0-02; A=0). Dashed curve is for sky radiation at 
sun elevation 5-7°, as given by Deirmendjian and 
Sekera 


() 794 0-796 () 798 (799 


wavelength interval. The first of these will be 
denoted J, with a subscript to indicate the 
surface reflectivity, and the second by F,, for 
the range 3200 A<=A=8000 A in both cases. 
The ratio J/F, is the albedo. Data for both 
J and F,, are given for six different sun eleva- 
tions in Table 2. The values were obtained 
by integration of the area under the appropriate 
curves on diagrams such as that of Fig. 2. The 
extra-terrestrial flux F, given for the range 
3200 A=A= 8000 A is 769-9 W/m? for normal 
incidence or about 55 per cent of the solar 
constant (1391 W/m*)*. The dominating in- 
fluence of surface reflectivity for the higher sun 
elevations, and its much smaller influence for 
the lower sun elevations, is shown by the values 
of both J and <z in the table. The change of 
albedo with sun elevation is very pronounced 
for scattering alone (A = 0), but for high surface 
reflectivity the small amount of scattering at 
high sun elevations is largely compensated by 
the strong reflected component. In fact the 
values of albedo at the highest sun elevations 
show that for A =0-80 the atmosphere actually 


* This value of the solar constant is somewhat 
higher than the commonly accepted value of 1353 
W m®*, but it agrees closely with that obtained by 
Johnson and is the one used by Deirmendjian and 
Sekera’ Its use here makes these data directly 
comparable with theirs 
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Values and Comparisons of the Total Absolute Flux for 3200 AXA 
=8000 A at Six Different Sun Elevations* (Units of flux: W/m?) 


Sun 


elevation 1°! 


23°6° 53-1° 90-0 


15-4 3079 615°8 769-9 
34:3 44-0 48-9 51:8 
9-7 62:4 103-6 179-9 
13-7 249-6 609-6 


0-519 0325 0-143 0-079 0°067 
(2). 0-630 0482 0-405 0336 0-292 0:279 
(2). | 0-890 0-856 0-833 | 0-792 
(F.) §2:0 119-7 263-9 | 566°9 | 718°1 
76 53-2 122:1 272:4 | $81-2 | 740-1 

5 291-5 636-0 | 801-5 


Incident flux on horizontal surface at top of atmosphere 


Emergent flux through horizontal surface at top of atmosphere. 


(Subscript A 


represents value of surface reflectivity: 0, 0°25 or 0°80). 


(J), 


(x), 


: 


decreases the emergent flux, making the albedo 
slightly less than the reflectivity of the surface 
itself. 

The effect of scattering of the very intense 
reflected radiation can be seen in the values of 
the flux (F,,), incident on the ground given in 
the table. The increase of (F,,,) for A=0 over 
that for A=0 represents the amount of the 
reflected radiation which is scattered back to 
the surface in the form of diffuse skylight. This 
leads to the apparent paradox of the flux 
incident on the surface, at high sun elevations 
and A=(080, being greater than the flux 
incident at the outside of the atmosphere. The 
values given are, of course, for the flux down- 
ward only, and not a net flux at the surface, so 
the paradox is only apparent. But it does point 
up very graphically the great importance of 
surface reflectivity. 


3. ESTIMATE OF PLANETARY ALBEDO BY 
MOLECULAR SCATTERING 

We can now arrive at a rough estimate of the 

earth’s 

scattering. 


planetary albedo due to molecular 
Integration under curves such as 


= Albedo: ratio of emergent to incident flux. 


Flux incident on horizontal surface at ground. 


those of Fig. 2 gives the upward flux due to 
scattering of the radiation wavelengths 3200 
A=A=8000 A for different sun elevations. 
The ratio of this outward flux to the incident 
flux for this spectral region is plotted (solid 
curve of Fig. 3) as a function of sun elevation. 
An estimate of the effect of scattering of wave- 
lengths above 8000 A and below 3200 A can 
be obtained as follows. Taking the latter first, 
since only about 2:3 per cent of the total 
energy lies in the region below 3200 A, any 
overall errors introduced by that portion must 
be small. In view of the high albedo for the 
short wavelengths let us say that one half of the 
energy is scattered back directly: (0-50) (0-023) 
(1391 «,)=16 W/m*. The situation is more 
serious for the long wavelengths; about 42 per 
cent of the incident energy lies in the region 
beyond 8000 A. However, even the wave- 
lengths 7500-8000 A require very long path- 
lengths for appreciable scattering and the 
amount of scattering decreases rapidly with in- 
creasing wavelength. A reasonable value of 
albedo due to scattering alone would be 1 per 
cent or 2 per cent for the long wavelengths, and 
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probably closer to | per cent. Then the emer- 
gent flux by scattering of the long wavelengths 
would be (0-01) (0:42) (1391 «,)=58 W/m 
By combining these fluxes with the flux 
obtained by direct integration for the middle 
spectral region, we obtain the albedo shown by 
the dashed curve of Fig. 3 for the entire solar 
spectrum 


Fig. 3. Approximated albedo for the entire solar 
spectrum (solid curve) and computed albedo for 
the spectral range 3200 A =< \ =< 8000 A (dashed 
curve) as a function of sun elevation (A--0) 


The discussion so far has been for the case 
of a plane parallel atmosphere and is not 
directly applicable to the earth's atmosphere 
We can, however, obtain an approximation for 
a spherical atmosphere by dividing the total 
area of the dise which intercepts the sun's rays 
into narrow concentric rings, and considering 
the sun elevation constant and the atmosphere 
plane parallel for a given ring. We can then 
determine the incident and emergent fluxes for 
a given ring and combine them to give the 
albedo. If we let the total area of the disc be 
unity, the total flux incident on the disc is 
simply the solar constant C, and the flux inci- 
dent on the ith ring of fractional area Aa, is 


F,=C Aa. Evidently Aa =1. The emer- 


gent flux from the ring is 2F,= 2,C Aa,, 2 being 
the albedo, and the emergent flux from the 
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whole disc is Cz, Then, by definition, 


the albedo for the total disc is 


z C2Aa)/C 


If the limits of the rings are defined in terms 
of the angles listed in the first column of Table 
3, the sun elevations in column two can be 
used as representative of the respective rings. 
The incident flux for the rings is given in 
column four, and the product of incident flux 
and albedo, obtained from Fig. 3, gives the 
emergent flux for the rings, listed in the last 
column of Table 3. Then the ratio of the total 
emergent flux to the total incident flux is the 
total albedo, given at the bottom of the table 

A value of 7°6 per cent for the planetary 
albedo due to molecular scattering is obtained 
by the above approximation to the spherical 
atmosphere. 

Comparison of the computations with 
measurements * is not very realistic unless 
atmospheric absorption is taken into account. 
The slight absorption of solar radiation in the 
various bands of water vapor and carbon di- 
oxide can be neglected for present purposes 
Most of the absorption of solar radiation occurs 
in the Hartley and Huggins bands of ozone, the 
absorption in the Chappius bands being small 
except for low sun elevations. Dave and 
Sekera” have computed the effect of ozone 
absorption on the total skylight, under the 
assumption that the ozone is concentrated in a 
layer above the atmosphere and therefore 
absorbs only the downward-directed incident 
radiation. If we assume the same percentage 
change of the radiation scattered upward as 
they computed for skylight, and compute the 
additional absorption for the upward traverse 
through the ozone layer, then we can recompute 
the fluxes analogous to those of Table 3 and 
find the albedo for the more realistic case. The 
value of albedo obtained by this method is 6-9 
per cent 

Fritz” used Fowle’s data for Washington, 
D.C.. for estimating the contribution of 
molecular scattering to the albedo of the earth, 
and obtained a value of 8 per cent for the mean 
albedo due to atmospheric scattering. The 69 
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per cent obtained from the computations would 
decrease his estimate of the planetary albedo by 
about | per cent. In view, however, of the 
approximations involved in the computed value 
and the rough estimations made by Fritz, the 
| per cent does not seem significant. Kano!“ 


has made a determination of the planetary 
albedo by means of Chandrasekhar’s theoretical 
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Table 3. Approximation of Earth's Planetary Albedo due to Atmospheric 
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with the skylight, but, as far as is known, none 
have attempted to described the light directed 
upward from the top of the atmosphere. 

Even this first part of the whole problem is 
still not completely solved, however. The 
sphericity of the atmosphere has not yet been 
successfully introduced into the exact theory of 
radiative transfer, so the theory is not entirely 


Scattering. The Disc of the Earth, as Seen from the Sun, was Divided into 
Concentric Rings and the Sun Elevation for Each Ring was Considered 


Constant 


Angular Sun Fraction of Incident Albedo Emergent 
limits of elevation total area flux of flux 
rings for ring of disc (W/m?) ring (W/m?) 


00° to &6 0-02235 31:09 0-200 

86° to 176 11°5 0-06908 96-09 0-139 13°36 
176° to 303 016311 22689 0-095 71°55 
373° to 45-0 0: 24546 341-43 0-074 25-27 
450° to 025000 347-75 0-060 20-86 
60-°0° to 66:9 021025 292-46 OOSS 16°09 
to 90-0 0-03975 §§-29 0-083 7-93 


development, entirely independent of the work 
reported here, and obtained 6°6 per cent for the 
ilbedo of the cloudless atmosphere. He 
xccounted for ozone absorption in a different 
manner, which is probably responsible for the 
slight discrepancy between his value and the 
69 per cent obtained here. 


4. DISCUSSION 
The problem of the scattering of radiation 
by the molecules of the air is only one part of 
the larger and more complicated problem of the 
radiative transfer in a turbid atmosphere. But 
it is a necessary and very important part. One 
if the most fruitful lines of attack on the more 


Total flux 


1391-00 


Albedo 7°6 per cent 


applicable to a planetary molecular atmosphere. 
It is highly desirable that efforts be directed 
toward developing the equations to take 
sphericity into account. Of perhaps even more 
import is the lack of knowledge of the reflec- 
tivity of the ground. It is evident that surface 
reflectivity is a major factor in the radiative 
problem, particularly for the radiation emerging 
from the top of the atmosphere The 
importance of seeing or photographing features 
of the earth’s surface from outside the atmo- 
sphere instills a sense of urgency into this phase 
A great many measurements of the radiation 
reflected from various types of surfaces are 
needed, such measurements to include both the 


general problem for the turbid atmosphere has _ intensity and the state of polarization of the 
heen to study the deviations of measured values reflected light. Once the measurements are 
f intensity and degree of polarization from available, their inclusion into the theory is not 


those computed for a pure molecular atmo- 
sphere, and ascribe the deviations to the effects 
f large particles in the actual atmosphere. 
Previous investigations of this type have dealt 


difficult. 

Finally, radiative absorption by the atmos- 
pheric constituents, both gaseous and particu- 
late, must be included for an adequate solution 


< 
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Abstract 
northern hemisphere are approximately traced to their intersections with the earth's surface in 
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The lines of force of the geomagnetic field at various latitudes and longitudes in the 


the southern hemisphere, using an clectronic computer and the first nine Gauss coefficients. 


Those lines leaving the average northern auroral zone are traced to their intersection of the 


geomagnetic ficld with the earth's surface 
iverage southern auroral 
of disturbance 


nearly at the 
magnetic measurements 
has stability and 


earth, mea 


In various geophysical research problems it 
may be desirable to know the path of the line 
of geomagnetic force leaving the ground in the 
southern hemisphere up to its point of entry in 
the northern hemisphere. In particular, as in 
auroral and magnetic observations, it may be 
of interest to place observing stations on the 
ground at either end of such a line of force. 
This problem has been previously considered 
by Block and Herlofson”’, who computed some 
results for actual magnetic observatories, using 
data for the year 1922. The present study 
continues this work, using more recent data, 
and broadens the scale of coverage, especially 
for lower latitudes 

The present memorandum summarizes, in 
preliminary form, the locations of intersections 
with the earth's surface of lines of force of the 
geomagnetic field over a world-wide grid of 
points. The information is approximate but 
will be supplemented later by more precise 
estimates based on more elaborate calculations 
for use in the study of geophysical problems 
such as whistlers and the aurora. In particular, 
it is planned to estimate lines of force for 
certain Arctic and Antarctic stations of the 
International Geophysical Year. 

The geomagnetic field within the atmosphere 
and beyond resembles that of a short bar 


zone deduced 
It is concluded 
i simple character even at distances as great as about 6 earth radii 
sured in the equatorial plane, even during auroral displays 
solar streams at such times do not seriously distort the field lines connecting the auroral zones 
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These points of intersection are found to be very 


auroral observations and from 
that the geomagnetic field 
ibove the 


ilso concluded that 


from 


therefore 


It is 


magnet at the earth’s center with its axis about 
12° off the axis of rotation. The strength of 
the magnetic field has been decaying for the 
past 125 years at a rate suggesting a half life of 
about 2000 years, though this rate of decay 
seems to be slowing up in recent years. The 
hypothetical magnetic dipole at the earth’s 
center intersects the earth’s surface at 78:5°N 
latitude, 291-0°E, a point near Etah, Green- 
land. This is the position of the pole now 
adopted internationally. 

[he magnetic potential of the geomagnetic 
field may be written 
V [gi cos mA+h*"sin mA] 


yn + 


P"(cos a) (1) 


where r, 6, A are the spherical coordinates of 
the point, a is the mean radius of the 
earth, (cos @) is the normalized associated 
Legendre polynomial of Schmidt. The coeffi- 
cients in the series are usually fitted by least 
squares to the magnetic survey data, using 
terms up to and including n=6. 

The centered dipole referred to above has 
the representation 


V,=g!cos 6+ gisin 6 cos A+ Aisin 6 sin A (2) 


where @ is the colatitude. 
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used instead the eccentric dipole, a dipole 
located at the magnetic center of the earth. 
Its northern pole was at latitude 80-1°N, 
=277-3°E, in 1922 

Then the geomagnetic potential may be 
written 
V =[e!cos cos A+ Aisin A) sin 6] r 
+ [0°25 cos 26+ 1)+(eicos A+ Aisin A 

26 +(¢2cos 2A + hisin 2A) ¥ 26] r 

(3) 


where A is the longitude east of Greenwich, 6 
the colatitude (polar angle) measured from the 
geographic north pole, r the distance from the 
earth's center, with the radius of the earth as 
the unit of length. 

Values of the e’s and fs for 1958 were 
extrapolated from tke values of Vestine and 
Lange for 1945. The results gave, in units 
of 10°‘ c.gs 


3053 

2 207 hi = 587 
2 152 

¢} 296 193 
gi= 162 h? =35 


If, instead of polar co-ordinates, use be made 
of right-handed Cartesian axes with origin 0 
at the earth’s center—the Ox-axis through the 
meridian 90° West of Greenwich, and in the 
equatorial plane, the Oy-axis through the 
Greenwich meridian, and the Oz-axis through 
the north pole—there results 


x= -—rsin@sinA 
y=rsin@cosA 
z=rcos 
The equations of the lines of force are 
dx 
= grad etc (4) 
ds cx 
where s is the arc distance measured along the 
line of force. Thus, equation (1) becomes 


V =(Px+ Qy+ Rz)r-°+(Ax + By’ +C2 + 
+ Dxy + Exz+Fyz)r (5) 
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Instead of a centered dipole there may be 
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P=587 Q= 207.) R= 3053 
A= 68 B=-20 


D= 59 E 334 


From equation (5) 


pr p+| (58 E=|' 
CX r r r 

zi\r 

Cy r : , r r 


(6) 
with 
x Z 
r\? y\? x) 
-B(>) -c(*) 4 
tES+F 
r = 


The differential equations of the field lines 
are thus equation (4) and (6). 

An electronic computer (Johnniac) was used 
to integrate the paths of the lines starting at 
s=0 at the ground in step lengths of 100 km 
The consistency of results was better than 50 
km 

Also computed was the greatest height h (to 
the nearest 100 km or better) to the line 
of force. 

The results found are indicated in Table 1, 
which lists values for lines terminating at 
ground level every 10° of latitude from 60°N 
to O°S latitude and at 30° intervals in 
longitude. 

Figure | summarizes the principal results of 
Table 1. The dipole fitting the geomagnetic 
field best is located at about 16°N, 149°E 
longitude about 350 km away from the earth's 
center. Although equation (3) includes the 
quadrupole terms in P?, there is a tendency to 
symmetry about the off-center or eccentric 
dipole’. 

In Fig. 2 the average southern auroral zone 
estimated by Vestine and Snyder from 
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Average northern |”) 
aurora! zone 


/—Conjugote of northern 
aurora! zone (computed) 


40° 20° 40° “0° ane 


Fig. 1 Approximate intersections of lines of force of the geomagnetic field with the earths surface, 
northern and southern hemispheres, based on first 9 Gauss coefficients. 


observation is shown. This is compared with 
that given by the southern intersection of the 
geomagnetic field lines with a _ spherical 
surface at height 100 km above the earth, in 
the case where these field lines originate at the 
northern average auroral zone. 

The northern curve of maximum auroral 
frequency is that for observations made at 
ground level and is that deduced using Fritz’s 
results to 1870, auroral observations of the 
First and Second International Polar Years 


1882-83 and 1932-33, respectively, with the 
precision enhanced somewhat by the use of 
geomagnetic disturbance data certain 
regions’. This precision of determination of 
the average maximum curve is unlikely to be 
much better than a degree of latitude or so, 
because the individual auroral displays actually 
range over a number of degrees of latitude and 
appear as transient phenomena. Hence the 
agreement in the calculated and estimated 
auroral zones to about 2° noted here Jends 
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90° 


Fig. 2. 


added credence to the view, often expressed, 
that auroral displays in the northern and 
southern auroral zones are interlinked via the 
lines of force of the geomagnetic field. In fact 
Stormer’ early suggested this possibility and 
actually computed trajectories of particles 
moving rapidly back and forth between the 
and southern auroral zones. More 
recently Singer“ ” has extended these calcula- 
using rough but useful approximate 
in connection with his model of 


northern 


tions, 
methods 


Latitude 


Southern auroral zone (observed) 


Greenwich meridian 


O° East 


Average northern and southern auroral Zones as seen from above north pole 


ongitudce 


magnetic storms and aurora and in his discus- 
sion of the earth’s radiation belts high in the 
atmosphere, discovered from the U.S. earth 
satellite observations”. If the soft auroral 
particles represent transitory leakages of charge 
from the trapping region of the geomagnetic 
field, his results would also indicate, as Alfvén 
and others have shown, an eastward drift of 
electrons and westward drift of positive 
particles, mainly in the direction F, grad F. 
For this reason the auroral zone is not a circle 
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but an oval, and average curves of auroral 
frequency will change in shape as the magnetic 
pole is approached. Since one can scarcely 
imagine that the lines of force entering close to 
the northern dipole can exist at many earth 
radii with a pattern resembling that of a simple 
dipole, it seems likely that auroral arcs seen 
near the dipole are variable in direction. In 
fact, Vegard and Krogness and Currie” 
showed many years ago that the average 
direction of homogeneous auroral arcs as seen 
from stations well inside the auroral zone was 


inclined in angle to that expected from 
symmetry relative to the average curve of 
maximum auroral frequency. The average 


directions of these arcs was found to be very 
nearly perpendicular to the horizontal magnetic 
disturbance vector This can thus be ex- 
plained on the basis of drift of charge and flow 
of current, or by the conduction of electric 
current horizontally along the auroral arc. The 
data of the IGY should afford interesting 
opportunities to check these possibilities. Study 
of these problems is not simple because other 
effects undoubtedly complicate the picture. 
Thus leakage of charge into the lower iono- 
sphere may occur, for instance, during magnetic 
bays electric forces caused by 
penetration of protons and electrons to unequal 
depths 

The present result also shows that the lines 
of force of the geomagnetic field between the 
auroral zones probably have stability and a 
well defined simple character even in the 
equatorial belt out to a radial distance of the 
order 6 earth radii. It is also probable that 
solar streams do not ordinarily disrupt the 
geomagnetic field much closer to the earth. In 


giving rise to 
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other words any kinks in the field lines pro- 
bably do not disrupt the motions of auroral 
particles travelling between the northern and 
southern auroral zones. 

New analyses of Soviet and American charts 
for 1955 are under way which should provide 
better values. It is also hoped to include 
higher order terms in equation (1) possibly up 
to n=6. There are also plans to make some 
tabulations of the geometric field at distances 
up to about 10 earth radii in a form suited to 
geophysical and space studies. 
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Abstract 


electron clouds by the ejection of proper contaminants into the upper atmosphere. 
those general considerations which are common to the several papers to follow 


This is the second in a series of papers which deals with the creation of artificial 


It presents 
A square-well 


model is used to describe the distribution of the ejected contaminant immediately after the 


fast initial expansion 


The diffusion equation is applied to this model and the salient features 


are noted. Basic equations are applied to this simplified model to describe the electron generative 


and decay processes on a term-by-term 


involved for the several interrelated problems 
contaminant by reaction with the ambient species is found to be negligible above 95 km. 


concluded that for generation methods 


limits of generation of long lived electron clouds is between about 


consumption determines the lower 


1. INTRODUCTION 

The feasibility of the 
artificially created electron cloud was first 
demonstrated on 12 March 1956". This was 
accomplished by the release of approximately 
18 pounds (275 moles) of nitric oxide gas from 
high pressure spheres which were carried aloft 
by an Aerobee rocket at an altitude of 95 km 
above Holloman Air Force Base, New Mexico. 
This experiment was projected as the result of 
a new laboratory determination of the photo- 
ionization cross-sections of nitric oxide®’. The 
Lyman alpha (1215 A) cross-section in particu- 
lar was found to be 2 x 10~'* cm*; a value about 
25 times higher than was previously estimated 
by Bates and Seaton’’. It was, therefore, 
possible to ascribe the formation of the natural 
D-layer of the earth’s atmosphere to the photo- 
ionization of NO by the solar Lyman alpha 
radiation’. The March 1956 experiment served 
to strengthen this hypothesis, since an artificial 
electron cloud with an average density of about 
4x 10° electrons/cm* was created and detected 


formation of an 


* Presently associated with Geophysics Corporation 
of America, 700 Commonwealth Avenue, Boston 15, 
Massachusetts. 


basis 


similar 


while the diffusion 


times 
metal 
It is 
practical altitude 


relaxation 
alkali 


in order to ascertain the 


Chemical consumption of the 
to those outlined here the 
70 and 200 km; chemical 
upper limit 


process establishes the 


for more than 10 minutes by radar techniques. 

The success of the original electron cloud 
experiment initiated a systematic study of the 
physical, geophysical, chemical and engineering 
problems associated with the generation and 
properties of artificial electron clouds. Seven 
additional rocket experiments were performed 
between September 1957 and September 1958, 
in which artificial electron clouds were created 
by release of alkali metals into the upper atmos- 
phere. 

The extensive experimental data obtained 
have been summarized and a general discussion 
presented in the first paper of this series‘ 
The experimental procedures and instrumenta- 
tion have been described’. In this paper we 
present the theoretical structure required for 
the analysis of the various experiments to be 
considered in forthcoming publications. 

Although the generation of a dense (mn, > 10° 
electrons/cm*) electron cloud, by release of a 
contaminant at a predetermined altitude and 
time of day is a simple concept, the analysis 
and control of the processes involved is quite 
complex. The situation is further complicated 
by the interdependence of many processes and 
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their dependence upon ill-defined or poorly 
known parameters. For example, the processes 
of generation of electrons can include thermo- 
chemical, photoionization, shock phenomena 
and photodetachment. Electron decay processes 
involve recombination, electron attachment and 
among others. Further, 
these many processes are intimately related and 


ion—electron kinetics 


vary in a complex manner and degree with 
such parameters as altitude of release, ambient 
Or contaminant temperature, available solar 
flux, atmospheric composition, etc. This inter- 
play of processes is further complicated by 


phenomena such as diffusion, shear 
and atmospheric turbulence which continually 
alter the problem with time. Chemical pro- 
duction of the (alkali metals for 
study) ejection and subse- 
quent chemical consumption of contaminant by 

species introduce other 
the very practical consider- 
and cloud detection 


still 


dynamic 


contaminant 
this the method of 


the active ambient 
problems. Finalls 
ations of engineering 
methods involve problems of another 
nature 
2. GENERAL CONSIDERATIONS 

(a) Model c 

The formulation of the mathematics associ- 
ated with the phenomena discussed here is 
somewhat dependent upon the choice of model 
concept supposed that the chemical 
contaminant is contained (or produced) under 
(order of thousands of p.s.i.) 


icepl 


It is 


very high pressures 


ind instantaneously released into the upper 
utmosphere (pressures of millimeters to 
microns) This gaseous contaminant is con- 


sidered to expand very rapidly upon release and 
issumMe a given initial size and density distri- 

Initial (and distribution) is taken to 
prevail after the instantaneous directed expan- 
ind before the 


size 
sion onset of significant diffusiv 
wind shear, magnetic or eddy effects, i.e. perhaps 
after release (this is taken as r=) 
the initial size that the contaminant 


seconds 
Further, 


cloud assumes is described by a dilution factor 
It is assumed that the cloud assumes ambient 
temperature but not necessarily ambient density 
Thus, if ambient density prevails, the dilution 
factor is taken as unity 


A contaminant density 
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less than ambient is described by an appropriate 
dilution factor, i.c. 2 per cent of the ambient 
density is associated with a dilution factor of 
0-02 
can consider several models for the 
initial distribution, each applicable to some 
Gaussian, parabolic, linear or square- 
well models have been examined. It can be 
shown that the square-well model is a good 
me; other choices do not profoundly alter the 
derived conclusions 

Immediately following the initial burst (r=), 
the relatively slow expansion process due to the 
diffusion forces is considered to perturb the 
initial homogeneous distribution (square-well) 
and produce a Gaussian-like distribution of the 
neutrals, ions and electrons 

This model can be described mathematically 
by 


One 


degree 


ev /er=DV?\ (1) 
where v (r, 1) is the normalized electron density 
und r the position vector of interest 

Assuming isotropic distribution and the 
initial conditions 
where r<a 
where r>a 
Consider 
Z=tr+a) 
For the case r <a 
v £) exp (2) 
where 
Di 
jexp (—z°)—exp(—y*)} 
‘ \ r 
For r > a we write 


vir. = | expe £*) di (3) 


Maximum density occus at r=0 and is given by 


¥(0,.)= — | exp (—€*)d&—yexp(- (4) 
vu: 


° 


= 
4 
a 


ARTIFICIAL 


where Dp 
This expression is readily evaluated with the 
aid of tables of the well-known error function 
and its derivatives 

Clearly, the variation of mass and density 
with time and radial distance from the center 


can be determined. We choose to consider only 
the behavior of the maximum density (r=0) 
ith time since it will be of value to determine 


the magnitude of the relaxation time required 
significant 


rhc 


erve any decrease of this 


6 


DENSITY @ 


Fig. 1 
solid circles) 
diffusion coefficient 


Plot is for 3x10 
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is taken to be 13 m 
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Thus, for order of magnitude con- 
this is essentially constant for 
Similar calculations for the 
show that similar 


data’. 
siderations, 
several minutes. 
other models considered 
relaxation times prevail. This factor results in 
considerable simplification of some of the 
problems encountered. It should be mentioned 
here that experimental observations have indi- 
cated that dilution factors greater than 50 are 
usual under these experimental conditions 
More complex models that necessarily include 


some of the parameters omitted from the 


ME (seconds) 


Behaviour of density (0,t) and associated t, (shown by 


particles at 100 km where the 


sec Upper curve is 


for dilution factor, d, of unity whereas the lower curve is for 


d=0-02 


density (see Fig. 1). Two important parameters 
contr ling the rate of decrease are the diffusion 
coefficient and initial size (as varied by the 
mass of material, method of release, dilution 


factor, etc.). Fig. | is a plot of the center 
density n(0,f) vs. time. The solid circles 
indicate f,, the time needed to decrease the 


initial density by a factor of 2 for the release 
if 50 moles (3 x 10* particles) of constituent at 
100 km with dilution factors of 0-02 and unity. 
The ¢, values are of the order of 1-4 10° and 
10° sec, respectively. The value for D of 
13 m*/sec was taken from empirical meteor 


simplified considerations (magnetic effects, wind 


Shear, eddy-size spectrum, etc.) will be 
developed whenever applicable and necessary 


in later papers of this series. 


(b) Basic equations 

Using the adopted model the following 
governing equations are applied in order to 
examine the behavior of the ionized cloud 


system as a function of time. Consider the 
differential equation of the time variation of 
electron and ion densities. 


(5) 


dn./dt=q- 
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which describes the net rate of production of 
electrons. The production rate of free electrons, 
cm’ /sec, by photoionization is given by 


| onddy (Sa) 
where 
n.=number of contaminant particles per 
cm’, 
I=solar flux, photons/cm* sec wave 
number, 
@=atomic photoionization cross-section, 
cm 
Recombination is indicated as 
(Sb) 
Ww here 


2,=ion electron recombination coefficient, 
cm’ /sec (here taken as radiative), 
n, = density of electrons, cm 
N+ =positive ion density, cm~*. In addition 
=negative ion density, cm 
The coefficients of the remaining terms are 
defined as follows: 
[o] 
n[o.] 
n, =two-body electron attachment coeffi- 
cient, cm” / sec 
= three-body electron attachment coeffi- 
cient, cm* /sec 
n=ambient particle density 


Idy 
p = photodetachment cross-section in cm 
Kil 
«=coefficient of collisional detachment 
cm’ / sec 


We can also write 
dN~/dt (6) 


where 2,=coefficient of mutual neutralization 
by negative and positive ions (cm* /sec) includ- 
ing three-body recombination. We assume 
the net space charge as zero at all times so that 


N+=n.+N (7) 


According to the above equations the net 
electron production rate depends on a complex 
relationship between the processes of generation 
and decay. Several experimental parameters 
encountered in this series of experiments varied 
over a wide range: for example, the altitudes, 
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solar ionizing fluxes, atmospheric composition 
(with altitude variation), the methods of con- 
taminant release, etc. The time constants or 
relaxation times involved for the various 
processes may vary correspondingly. There- 
fore, the general solutions of these overall 
equations would yield little data of immediate 
value. On the other hand, it is illuminating to 
treat the various processes independently to 
ascertain the various time constants involved 
and the departure (if any) from equilibrium for 
the various terms. This approach often yields 
a justification for neglecting various processes 
for given experimental conditions. This method 
is adopted here for further discussion of the 
terms in the differential equation. 


(c) Photo-electron generation, q 

The production of electrons is considered to 
be due only to the process of photoionization 
of the released constituent at altitude. Accord- 
ing to equation (Sa), the rate of production, gq, 
is large when oc, the overall photoionization 
cross-section, is large, and also when the local 
contaminant particle density, n,., and the avail- 
able ionizing flux are large. In considering an 
isolated ionized cloud in the upper atmosphere 
the phenomena of diffusion or possible wind 
and turbulent effects are working against any 
buildup of a high electron density. In order to 
achieve the required high rate of electron 
production, the chemical contaminant under 
study must possess a low ionization potential 
(large solar ionizing flux) and a large photo- 
ionization cross-section (preferably throughout 


Table 1. Tabulation of «! Data for Various 


Elements 
Element At. Wt. 
Cesium 3°87 132-91 x10-4/sec 
Lithium 5:36 6°94 1:38x 10-4 
Rubidium 4°16 85:48 1:06 x 10-4 
Potassium 4°32 39-10 185 x10-5 
Sodium 5-12 22:99 10-5 
Magnesium 761 24°32 36 x10-* 
Barium 5-10 137°36 2:07 x 10-* 
Calcium 6-09 40-08 14 x10-* 


Beryllium 9-28 9-01 16 x10-7 
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Solar Fiux And 
Photoionization 
Cross Section 
Vs. Wavelength 


50A 


(Photons/Cm* Sec)Per AX 
ro) 


| 


Cross Section 
(Cm*) 


i 
2500 


3000 


Wavelength 


Fig. 2. 


sphere in units of AA 


Plot of the solar flux outside the atmo- 


50 A, photons/cm? sec 


and photoionization cross-sections of the alkali 
metals between 2000 and 3200A. The ionization 


an extended spectral range). The probability 
of photoionization per particle is defined as 
p=\cldy and has been determined here for a 
representative group of elements which were 
considered for experimentation. These are 
shown in Table |, where the tabulated prob- 
ability values were obtained in the following 
manner. The photon flux, /, above the atmos- 
phere was averaged over 50 A intervals’ for 
the wavelength region from 2200 A to 3200A. 
Data on intensity of vertically incident solar 
radiation below 2200 A was obtained from a 
recent publication by Watanabe’. The photo- 
ionization cross-sections, «, of various elements 
have been reported by Weissler’®. Fig. 2 
shows the average (AA = 50 A) available photo- 
ionizing solar flux throughout the spectral range 
2000 A to 3200A and the observed photo- 


potentials are included. 


ionization cross-sections of three alkali metals, 


Cs, K and Na. To determine the probability 
of photoionization per particle, the products 
(Aco Al ) were summed over the 2200-3200 A 
region. Deduced or extrapolated values in the 
wavelength region 1600A to 2200A _ were 
obtained for a particular element (wherever 
applicable) and added to the longer wavelength 
contribution. 

The data shown in Table | were useful in the 
choice of possible contaminants for the experi- 
mental program. Additional considerations 
such as engineering feasibility, costs, avail- 
ability, photoionization § cross-section data, 
physical and chemical characteristics were also 
important. For an initial systematic study the 
utilization of a family of elements offers advan- 
tages since the results may easily be correlated. 
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The alkali metals (cesium, sodium and potas- 
sium) were chosen for initial investigation. 

In this series, neutral Na was used as a 
“doping agent” for cesium experiments to make 
visible the twilight release of contaminant’ 
This was possible because Na possesses a strong 
resonance line at about 5890 A. Similar possi- 
bilities exist for other neutral species (Ba, Li, 
etc.). In addition, the interesting possibility of 
rendering the positive ions (in the ion—electron 
cloud) visible should be further explored. For 
example, it may be valuable to consider Ba and 
Ca twilight releases and optically detect the 
subsequent resonance radiation emitted from 
the neutrals and positive ions. The dynamics 
of the ions and neutrals can thus be compared. 
Combinations of contaminants can also be 
utilized for controlling the emission intensity 
ratio of various neutral and ionized species. 

According to equation (5a), to determine the 
rate of electron productian, the photoionization 
probability must be multiplied by the proper 
value of the contaminant particle density n 
Since under these experimental conditions the 
contaminant can absorb only a small fraction 
of the incident solar radiation, the photo- 
ionization probability is relatively independent 
of the complex behavior of the clouds, whereas 
n. 1s Strongly dependent. However, the question 
of what value of n. to utilize for determining g 
is difficult, since in practice the local n.(r. 1) 
varies with time in a complex manner. The 
complexity is ascribed to the effect of diffusion, 
wind shear, eddy-size spectrum, initial cloud 
size and shape, and chemical reactivity with 


ambient atmospheric constituents, etc. By 


Table 2. 


Electron 
temperature 


(°K) 


Reference 


Mohler‘? 1300 | 


Mohler 1200 | 


Donderad 
and Holt 


1400 
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Pressure 


(mm He) 


10x10 


10x10 


0): 32-0-68 
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imposing certain assumptions and conditions it 
is possible to obtain a working approximation 
for n.(r,t). For example, we assumed, pre- 
viously, the square-well distribution and found 
for a dilution factor of 0-02 a contaminant 
density of 2x 10"'/cm® at r=0, which we 


showed to be essentially constant for the order 
For a cesium contaminant, 
photoionization 


of minutes (Fig. 1) 
therefore, the initial 
gq, ~ 1:3 x sec. 


rate, 


(d) Flectron-ion recombination 

We now wish to determine the relaxation 
times associated with the attainment of equili- 
brium when only the of electron 
production, g, and recombination, z, are con- 
sidered. For this purpose, it is valuable to 
consider realistic parameters. Unfortunately, a 
serious discrepancy exists between theoretical 
and experimental determinations of electron 
ion recombination rates. For example, a 
common type of recombination occurs when 
the excess energy of electron-ion recombination 
is given off in the form of radiation. Quantum 
mechanical calculations '’? predict a coefficient 
for this type of radiative recombination of the 
order of 10~-'* cm* sec™', but these do not agree 
even in order of magnitude with experimental 
determinations. The extent of the discrepancy 
is shown in Table 2 where some experimental 
values from recent recombination measurements 
are given; the values are observed to vary 
between 10-° to cm’ sec™' (indicating 
processes other than radiative recombination). 

The process we limit ourselves to here is 
described by 


pr ywesses 


Experimental Determinations of Recombination Rates for Cesium 


Electron 


Method (cm* /in sec) 


density 


optical 
cont. spectrum 36 
cesium arc 


probes in arc 34 x10 1x 10'? 
35 x10 


12110 


microwave 10'2 


“4 
4g 
* 
Alkali 
Cs 
- = = 
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Fig. 3. 
10-* to 10* 


dn, /dt=q—2,n: (8) 


Integration and rearrangement of this equation 
vields the following expression: 


n/n Tanh (qz,)'t 
where 
Ney =(q/2,)' 
and 
qz,=(ol) Nz (9) 


In Fig. 3 we have evaluated equation (9) as a 
function of time for gz, between 10~* to 10° 
sec™*. It can be shown that this is a repre- 
sentative range of qz, values to explore if one 
considers a release altitude range of between 
70 to 200 km and incorporates the uncertainty 
in the value of z,. For illustration, this latitude 
can be sharply reduced if we choose to employ 
certain values for specific experiments reported 
in this series so that we can then establish the 
times for the attainment of close 
approach to equilibrium. For example, we can 
choose a value of about 10 cm for 
z,, consider a release in the close vicinity of 
100 km and again apply a dilution factor of 
For this case, the gz, value is about 
2x 10~* sec Thus, according to Fig. 3, the 
time constants involved for ¢, (for n./m..=0°5) 


relaxation 


sec 


Time behaviour of n,/ne, for qz 


values of from 


is about a minute or so. This time is to be 
compared to those shown in Fig. 1, where for 
only 50 moles of contaminant f, is about 25 min 
for diffusion. 


Electron-attachment considerations 
We consider the time constants for 
electron attachment processes for the conditions 
encountered in electron cloud production. Only 
the processes of attachment to 0, and 0 are con- 


(e) 
now 


sidered. 

The coefficient adopted for three-body 
attachment of thermal electrons to molecular 
oxygen is 5x 10 cm/sec from drift tube 
measurements by Chanin et al.'”. This value 
was substantially corroborated by a theoretical 
calculation by Dubs and Sen” who used the 
data from a nuclear explosion. Their theoretical 


value was 42x 10 cm*/sec for thermal 
electrons. 
The value of the two-body attachment 


coefficient to atomic oxygen has been recently 
obtained by using the principle of detailed 
balancing to determine the radiative attachment 
cross-section from the experimentally deter- 
mined photodetachment cross-section near 
thermal energies the coefficient varies from 
1-2 to 1-37 10-'* cm® per sec. A value of 
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ATTACHMENT PROBABILITY / ELECTRON, fr 


Fig. 4. The variation of the electron attachment probability per 
electron, 3, with altitude for the two processes: two-body atomic 
and three-body molecular oxygen attachment. 


sec has been adopted in this 
paper. Finally, on the basis of recent findings” 
consideration of two-body attachment of 
thermal electrons to molecular oxygen has been 
excluded. 

The process discussed here is described by 


dt 


where the terms have been previously defined. 
Integration and rearrangement of this expression 
give the simple relationship 


1x 10 cm 


dn (rl) n in (10) 


(11) 


n,/ 


Since the definitions of @ incorporate the 
particle density of either 0,, and/or 0 and M, 
it is, of course, sensitively dependent on altitude 
and ambient composition. These factors are 
taken into account in Fig. 4, where the values 
of © as a function of altitude are indicated 
separately for both the three-body molecular 
and two-body atomic oxygen attachment pro- 
cesses. The largest & values from about 60 to 
130 km vary between 10°-—10~' sec The 
plot clearly shows that at about 90 km 8=10-* 
and that above this altitude the two-body 
At 


sec 
(atomic oxygen) process predominates. 


lower altitudes it is the three-body (molecular 
oxygen) attachment which is important. Fig. 5 
is a plot of n./n., versus time for representative 
3 values between 10~* to 10° sec 

From the form of equation (11) it can be seen 
that Fig. 5 may be used to determine the 
relaxation time required for the value of n/t, 
to attain a value of 1—1/e or 063. This is 
accomplished simply by taking the reciprocals 
of the @ values given on the abscissa. For 
example, at an altitude of about 100 km this 
time constant is already of the order of 500 sec 
or over 8 min. It is noted that short relaxation 
limes are encountered below about 80 km. 

It is interesting to note the experimental 
latitude that exists here. The relaxation times 
associated with & are independent of con- 
taminant mass, «, J and n This is not the 
case for ion-electron recombination. Proper 
experimental planning can utilize this fact in 
probes designed to isolate or minimize the role 
of one process. 

(f) Photodetachment-processes 
Previous discussion has been concerned with 
the problem associated with the probability of 
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100 


Fig. 5. 
and electron 


attachment 


electron attachment to molecular and/or atomic 
oxygen to form negative ions. Further con- 
sideration must be applied to the history of 
these negative molecular and/or atomic ions. 
Since the species 0; and 0~ absorb the solar 
radiation, there exists a subsequent detachment 
of the electrons to form neutral species. The 
present approach is concerned with the rates of 
photodetachment without any consideration of 
atmospheric attenuation or absorption of enter- 
ing radiation. The equation describing the 
photodetachment process has been given in 
Section 2(b). The appropriate flux, /, can be 
computed from published data of the solar 
radiation’. The spectral region of interest is 
in the relatively long wavelength radiations. 
For the case of atomic oxygen photodetachment, 
a rate of 1-4 per negative ion/sec at noon in 
the upper atmosphere has been determined". 
The analogous value for molecular oxygen has 
been computed here by utilizing solar radiation 
data” and applying the known absorption 
cross-section values Then, numerical 
integration yields a value of 0-40 negative 


ion/sec at noon in the upper atmosphere. 
Thus, 
production, 


rate of 
and 


constant 
attachment 


if one considers a 
with electron 


t (seconds) 


200 


Time variation of ne/neq for photoionization production 
processes. The parameter 
probability of attachment per negative ion, varies from 10-* to 10°. 


B, the 


detachment as the only other processes, the 
governing equation is 


(12) 


where electron photodetachment contributes to 
the production of electrons rather than decay. 
The solution to this equation is given in (17) 
where the negative ion-electron equilibrium is 
treated. 


dn./dt=q + - Bn. 


3. CHEMICAL CONSUMPTON PROCESSES 

It is important in these experiments to deter- 
mine the role of competitive chemical processes 
in the consumption of the released contaminant 
by ambient atmospheric constituents. For this 
purpose it is necessary to compare two rates, 
namely, that at which the ejected alkali metal 
vapor is chemically consumed by ozone or 
atomic and/or molecular oxygen to the net rate 
of production of electrons. The X* ion is 
considered chemically inert and not considered 


further here. The chemical processes con- 
sidered are 
X+0 +M=X04+M (13) 
X+0,+M=X0,+M (14) 
X+0,=X0+0, (15) 
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where X represents the alkali metal. Reactions 
involving atomic and molecular nitrogen are 
considered less probable. It is also unlikely 
that the two-body reaction involving X and 0 
need be considered lhe rate coefficients for 
the above three reactions are taken as 1 x 10 

cm* sec 5x 10 cm* sec and 
15x sec respectively. Serious 
consideration of reaction (15) can be dismissed 
simply on the question of the available mass of 
ozone within the volume containing the con- 
taminant, X. Ozone is present only in parts per 


million in the atmosphere at the experimental 


65 — 


Altitude (km) 


Fig. 6 
by atomic and 


Altitude 


sumption processes. 


iititudes; therefore, there is not enough mass 
to consume a portion of the con- 
taminant, regardless of the rate of consumption 
under experimental conditions encountered. On 
the other hand, it is quite possible to have at 
least the equivalent number of 0, and/or 0 
within the physical volume occupied by the 
contaminant and to suffer complete consump- 
tion of the alkali metal in time. The assumption 
that there is an excess of available 


significant 


is made 


ambient constituent as compared to the con- 
Experimentally, this is probably the 


tamunant 


molecular 
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case, since an over-expansion resulting in a 
decrease of contaminant density by a factor of 
50 (d=0°02) below ambient is achieved. In 
addition, the growth of the cloud with time 
implies that it encompasses more mass of 
ambient constituent with time whereas the total 
number of contaminant atoms decrease with 
time 

Fig. 6 is a plot of altitude versus time with 
two curves describing the variance of ¢,, that 
time necessary to achieve one-half completion 
of reaction or depletion of contaminant. The 
plot was obtained by considering the three-body 


variation of alkali metal half-life 


oxygen chemical con- 


reactions of equations (13) and (14) using the 
umbient densities of 0, and 0 at the various 
altitudes and the total number density at these 
altitudes for the third body M. Fig. 7 depicts 
the variation of number density of the con- 
stituents of interest and the total density as a 
function of altitude he ¢, for consumption 
is insensitive to the number density of alkali 
metal so long as the assumption of excess 
combining constituent over contaminant is 
preserved. In Fig. 6 it is shown that even for 
altitudes as low as 90 km hundreds of seconds 


V 
| 
= 
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are required for 50 per cent consumption, 
whereas at an altitude of 60 km only about 
l0* sec is required. Thus, it is apparent that 
the times associated with significant chemical 


Fig. 7. Number density vs. altitude of various 
constituents (after Minzner and 
Ripley 


atmospheric 


msumption of contaminant should be com- 
ired to the time factors considered significant 


earlier 
the con- 


discussed 
100 km 


the other processes 
above about 


imption process is ignored 


Accordingly, 


4. ALTITUDE OF RELEASE 

We consider now the qualitative behavior of 
cloud as a function of altitude 
It will be seen that the experimental goals will 
letermine the release altitude 

We divide the altitude range into two cate- 
Upper altitudes are defined as those 
«ve Which electron attachment (and subse- 


he electron 


juent negative ion kinetics) can be ignored 
ympared to processes such as diffusion and 
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This is taken to be above about 
At lower altitudes, negative ion 
It will be shown that 
the practical altitudes for artificial electron 


recombination. 
90—100 km. 
kinetics are significant. 


cloud generation fall between 70 km and 
200 km, if we assume that the primary purpose 
is the creation of a radio—radar detectable cloud 
(electron density considerably above ambient) 
for the order of minutes 

The following discussion assumes the release 
of 50 moles of cesium vapor (3 x 10*° particles), 
photoionization probability of 6-5 10-*/sec 
and a dilution factor of 0-02. 


(a) Upper altitude considerations 

For the upper altitudes (above 100 km) 
electron attachment is slow compared to recom- 
bination or diffusion. Hence, in the following 
we omit references to attachment and the 
follow-on processes of detachment and mutual 
neutralization. We calculate g for 200 km to 
be approximately 10° cm’/sec (see Table 3) and 
take 2, even to be 10-'" cm® / sec; then it can be 
seen from Fig. 3 that the time, f,, to approach 
the recombination equilibrium is of the order of 


300 sec. Diffusion, however, works against the 


Rate of Production of Photo-Electrons 
for Various Altitudes 


(d is the Dilution Factor) 


Table 3. 


q 


d=1-0 d=0-02 
100 1:06x 10° 108 
150 29 x10" 60x10 
200 66 10° 13x10 


establishment of this equilibrium in two ways. 
First, q, decreases rapidly by diffusion of the 
contaminant material and secondly, the gener- 
ated electrons suffer depletion by the diffusion 
process. From the analysis of the square-well 
model we deduce the following decay time 
relationship for the center point density: 
2°02t,, 4-6t, where 
t,, too, and f,., represent the times for the 
center density to fall to one-half, one-tenth and 
one-hundredth of its original value. For 200 
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km, in Table 4, we obtain a value of 1, for 
diffusion to be about 70 sec. Thus, no signi- 
ficant approach to recombination equilibrium 
will be achieved since by 300 sec the con- 
taminant density is down to 0-01, i.e. part of 
its Original value. In addition, the original 
electron density itself will have been depleted 
by a factor of 001. Hence, for the values 
selected, the achievement of an electron density 
of 10° for the order of minutes seems marginal 
at best. 


In addition, this calculation is sensitive to 
Table 4. 

H n a 
(km) (particles /cm*) 
d=10 d 


44x10! x 10° 
10x10! 


0-02 


150 
200 


* All symbols have been defined in the text 


the selected value of the diffusion coefficient, D. 
The value of D chosen was not that obtained 
by graphical extrapolation of the empirical 
diffusion coefficients” used in the lower regions. 
Such an extrapolation would yield a value of D 
which is larger by a factor of 300. Rather, the 
calculation was made on the basis of the ratio 
of pressure and temperature at 200 km—100 km 
as determined by satellite observations’ 
These conclusions are further weakened since 
even the mechanism of diffusion has not been 
established for this case. We further note that 
if D is larger by only a factor of two it seems 
that it would be quite unlikely to achieve 
n.> 10° for any reasonable period of time. 
Therefore, while the calculations are somewhat 
uncertain they do indicate that production of 
practical electron clouds above 200 km is 
unlikely 


(b) Lower altitudes 

We will not attempt to deal, at length, with 
the lower altitudes (70 to 90 km) since this will 
be treated in detail in another paper. For 
completeness, we briefly summarize here some 
of the conclusions of that study": (1) the 
photoionization production rate decreases by 


(particles /cm*) 
d=002 d 
x10 


2x 10° 32x16 
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about a factor of 100 with increasing altitude, 
(2) the probability of photodetachment remains 
relatively constant, (3) the rate of chemical 
consumption is altitude sensitive with rapid 
consumption at the lowest altitude, (4) diffusion 
is not significant, (5) the electron attachment 
process is affected strongly by altitude variation, 
with the three-body reaction rate becoming 
dominant with decreasing altitudes. Finally, 
it is shown that it is not practical to achieve 
long lived dense electron clouds below about 
70 km. 


Values Used in Upper Altitude Determination® 


q D 
(electrons /cm* (meters? /sec) 


0-02 


58x10 
12x10 


19x 104 
1:1 x 10° 


Here it is pertinent to consider the importance 
of electron attachment. We introduce the 
negative ion-to-electron ratio, A=N~/n.. The 
time required for establishment of the electron 
negative ion equilibrium is of importance. If 
we restrict the processes to those of electron 
production, attachment and photodetachment 
we obtain the following equations: 


=8q/(8 +8)? [(8+8)t-l+e 


and 


(16) 


n.=qt—N (17) 


For (8+ 4)1 
holds 


> 1 the following approximation 


N 3qt /(8 +0) 
and 
n, = /(8 +0) 
hence 
(18) 


Since 6=1, at all altitudes equilibrium is 
reached in the order of seconds and at lower 
altitudes within a fraction of a second. The 
assumption that A is a constant is justified by 
the fast rate of the attachment equilibrium 
relative to the other processes. A further con- 
sequence is that 8 ~ A, so that Fig. 4 is directly 


A 
i 
i 


applicable for obtaining A-values. Hence, A 
has a real meaning in our discussion. 
There are two main processes for the 


formation of negative ions; the three-body 0, 
attachment and the two-body 0 attachment. 
From Fig. 4 it is clear that the three-body 
attachment process is the dominant one below 
90 km, whereas the two-body process is 
important above this altitude. 

As a consequence of the formation of the 
negative ions, a variety of processes involving 
negative ions become possible. These include 
collisional detachment, associative detachment, 
and mutual neutralization of positive and 
negative ions 

Collisional detachment is still not effective at 
70 km because of the small coefficient 
(2-4 = associative detachment 
is not effective because of the low concentration 
of atomic oxygen. From Fig. 6 we obtain a 
value of only 10 for A at 70 km. In the follow- 
ing section the n., is analyzed as a function of 
varying height. If we use Case III of Section 5, 
we find that 


“ (= =F 


Zz 


If we let z,—10° —10°-° we obtain 


n., = 12x 10° x 10° 


so that reasonable concentrations may still be 
established despite the increasing role of attach- 
ment at lower altitudes. This leads to the 
conclusion that at 70 km electron attachment 
does not preclude the possibility of generating 
useful electron clouds. On the other hand, 
Fig. 6 indicates that for chemical consumption 
of alkali metals at 70 km the f, is much less 
than one second; it is considered here that this 
establishes the lower limit. 


5. VARIATION OF EQUILIBRIUM ELECTRON 
DENSITY WITH ALTITUDE 

In this section we examine the behavior of 
the equilibrium electron density, m,,., with 
altitude. It is shown to vary with different 
powers of n. for several cases. We assume the 
following: (1) A is established rapidly, (2) diffu- 
sion and chemical consumption are negligible, 
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(3) a high degree of dilution of the contaminant 
species. 
We have the well known relationship 


dn. q ; 
~(z,+Aa)n (19) 
The equilibrium value is given by 
q 
F +A) (z,+Az)J 


We have further set A= 8/xn+4= 8/4 since the 
term «mn in the denominator is much less than 
6 for altitudes above 35 km for reasonable 
values of « (about cm*/sec)' Further, 
since 6~1, 8A and we use the numerical 
values interchangeably from Fig. 4. Thus, the 
crossover in two-body and three-body attach- 
ment rates corresponds to a value of A=7 = 10 
We shall first consider only the case of three- 
body attachment and altitudes below 90 km. 
Thus we have 

(21) 


where the concentration of 0, is taken to be n/5. 
In addition, g=pdn,. at all altitudes and 

We now examine equation (20) employing three 
different cases corresponding to various relation- 
ships which may exist between the parameters 
involved. 


\ =(n,n*) 


Case I. This is the case where 
A<1 and z.>Az 
then 
nN, (7) (pa) Me™ (22) 
\Z Z 


Case IT is where 
A<1 and 2,<Az 


and 
Spd? 
Neg = (4 ) ( )n (23) 
Az No 


For Case IIIT we have 


A> and <Az, 
which yields 
Neg 1 Neg ™ 


(24) 
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Thus we obtain three distinct regions in which 
the relationships between n,,, and 7, are indicated 
above. 

There is another possibility for the case 
\<1. A two-body reaction which depends 
upon the relative value of A and the ratio 
z,/%, may come into play. If A> 2,/2, for 
the region of the atmosphere where the two- 
body processes dominates (above 90 km), we 
have a similar situation to Case Il which we 
call Case IV 
and 


A=? [o] 


To illustrate, let us assume some values and 
consider the consequences 

Let cm® sec’, and cm 
sec™’, thus 2,/2z,=10 Then, if we extract A 
values from Fig. 4 we conclude that: Case I 
applies above 110 km; Case IV applies from 
110-90 km; Case II applies from approximately 
90-75 km; and Case III below 75 km. If 


z,/2z,=10°* then Case I holds above 90 km; 
Case Il holds 90-75 km and Case III] from 
75 km down. Case IV is not applicable. 


The above arguments reveal the interesting 
variation of the equilibrium electron concen- 
tration, n.,, with altitude. We should note 
again that we have omitted diffusion and 
chemical consumption considerations. This 
point is somewhat elaborated in a future paper 
of this series’ 


6. CONCLUSION 

The performance and _ interpretation of 
electron cloud experiments involves solutions 
of a number of physical and engineering 
problems, including some of considerable com- 
plexity. On the other hand, the fact that a link 
exists, between experiments of this kind and 
an extended spectrum of physical processes, 
implies that considerable information pertaining 
to the phenomena concerned can be obtained 
with the proper development of the theoretical 
and experimental techniques. Paper I’ of this 
series Outlines some of these areas. 
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The scientific areas discussed in this work 
have been considerably simplified and conse- 
quently suffer in general applicability and 
exactness. For example, the utilization of a 
square-well model with a given mass of gas 
release allowed simplification of the mathe- 
matics employed. Although other models yield 
similar results, the approach is highly 
restrictive 

The influence of several parameters upon the 
overall dynamics of the cloud composed of 
neutrals, electrons, positive and negative ions 
have been ignored. These include the effects 
of wind and wind shear, magnetic-interaction, 
shock formation and the varying nature of the 
diffusion mechanism (molecular, transitional, 
turbulent, ambipolar, eddy-size spectrum). 
Indeed, consideration of the complex behavior 
of the initial expansion and its interaction (or 
degree of mixing) with the ambient atmosphere 
has been deferred until later. These are 
extremely important considerations and are 
critical for the studies as will be recognized as 
the series progresses. 

The various kinetic and dynamic problems 
associated with the production and decay of the 
several possible species have been limited to 
daytime, solar-illuminated conditions. The 
limitations imposed by this restriction have been 
discussed in the text. However, some of the 
conclusions presented change radically when 
night-time experiments are considered. 

In conclusion, this discussion has served to 
illustrate the general scope of the problem and 
the roles of the various processes and 
phenomena encountered. Several of the 
pertinent problems have been defined and 
qualitatively discussed. Further, it has been 
shown that several suitable contaminants are 
available for utilization as atmospheric con- 
taminants; in some cases optical detection of 
the ions can be anticipated. Finally, it has been 
established that for the experimental methods 
employed, the altitude limits for the generation 
of long lived, dense artificial electron clouds are 
between 70-200 km. The lower limit is deter- 
mined by the chemical consumption rate 
whereas the upper altitude limit is diffusion- 
controlled. 
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Abstract 


expressly designed for the generation of an optimum type artificial electron cloud 
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ARTIFICIAL ELECTRON CLOUDS—III 
RELEASE OF ATOMIC POTASSIUM AT 121 km 


F. F. MARMO*, L. M. ASCHENBRAND* and J. PRESSMAN* 


Geophysics Corporation of America, Boston 15, Massachusetts 


12 June 


This paper reports the results of the first successful rocket seeding 


1959) 


experiment 
The analysis 


ind interpretation of the data was successfully accomplished by assigning the initial ionization 


to thermal effects after which solar photoionization of the released contaminant predominates 


This was achieved by the daytime Aerobee release of atomic potassium at 


\ best fit of experimental data was dependent on 


parameters. These include D_, the effective 


efficiency: 
ilues for these are deduced 


C-3 ionosonde data 


diffusion 
the initial half width of the electron cloud and the chemical yield 


in altitude of 121 km 
varving sensitivity and extent of several 
thermal ionization 


Approximate 


coefficient; c, the 


on the change in cloud slant range with time was utilized to obtain a 


measure of the horizontal wind velocity at about 121 km; this value is about 78 m/sec 


Extrapolation of the obtained information was employed in order to ascertain the feasibility 


of utilizing other type rocket carriers for experiments of this kind 


This also afforded the 


opportunity to deduce the order of magnitude results which should have been obtained by the 


release of cesium from an Aerobee, an 


mechanically failed. The 


1. INTRODUCTION 


of this series presents a concise 


Paper | 
summary of data obtained in eight rocket 
experiments associated with the production of 
artificial electron clouds while Paper IIl™ 
discusses the general considerations pertinent 
to a systematic study of this nature. This, the 
third in the series, is concerned with the pre- 
sentation, analysis and interpretation of the 
data obtained for the initial experiment 
designed expressly for the generation of an 
optimum artificial electron cloud in the upper 
atmosphere. The successful experiment was 
performed by the daytime release of atomic 
potassium at an altitude of 121 km. The 
remainder of this section is devoted to a brief 


* Original work was performed when authors were 
employed at Geophysics Research Directorate, Air 
Force Cambridge Research Center, Hanscom Field, 
Bedford, Mass 

This work has been supported in part under contract 
U.S. Army Signal Corps DA36-039-SC-78925 


experiment 


306 


ittempted earlier by the authors which 


interesting results also serve to suggest several new rocket experiments. 


discussion related to the planning involved in 
the experimentation. 

Paper II included the reasons for restricting 
this initial study to the three alkali metals, 
namely, cesium, potassium and sodium. In 
addition, it was indicated that the photoioniza- 
tion probabilities per atom for these contamin- 
ants were 65x 10-*/sec, 10~-°/sec and 
1-0 = 10>°/see, respectively. Thus, other things 
equal, it appears that cesium is most suitable 
of these for the generation of a maximal type 
artificial electron cloud. On this basis, the 
constituent was chosen for the initial attempt 
in this study for the generation of dense 
electron clouds in the upper atmosphere. 

Important to this intial attempt was the 
determination of the optimum altitude of 
chemical release. The term optimum is rela- 
tive since it is dependent upon the electron 
density-time factors regarded attainable for 
the experiment. For example, it was felt that 
one could strive for a cloud which displayed an 
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electron density in excess of 10’ electrons /cm* 
for a period of more than 30 min or about 
2x 10° sec. Thus, with this sample criterion, 
the roles of chemical consumption, electron 
attachment, recombination, diffusion, chemical 
yield and cloud dynamics had to be considered 
in order to determine the most advantageous 
release altitude. For this initial attempt little 
was known of the various factors involved, and 
in some cases little more than crude estimates 
could be employed. For example, the chemical 
yield was arbitrarily taken to be 100 per cent, 
and the maximum of the initial contaminant 
density was assumed to be equal to that of the 
ambient atmosphere at the altitude of release. 
In addition, the question of chemical consump- 
tion (as discussed in Paper II) at a release 
altitude of greater than 100 km was considered 
a negligible effect. Above this altitude, the 
daylight role of electron attachment and photo- 
detachment processes could be ignored. Thus, 
a programmed release altitude of greater than 
100 km was in order. To arrive at a practical 
upper limit one must consider the rdle of 
recombination at some altitude above 100 km 
utilizing the above assumptions and criteria. 
If this is done (cf. Paragraph Id of Paper II), 
an upper-limit estimate of about 130 km seems 
to be reasonable. This would imply that, for 
the case of cesium, the rate of apparent electron 
density loss at this altitude becomes primarily 
diffusion-controlled. 

Thus, for optimum probability of success, 
based on the order of magnitude arguments 
above, a cesium release at about 130 km was 
considered a good choice for the initial attempt 
of this kind. Accordingly, the first experiment 
devised for generation of a long-lived dense 
artificial electron cloud was performed on 
19 September 1957, when 110 moles of cesium 
nitrate in a chemical mix was carried aloft by 
an Aerobee rocket and was to be released in 
the form of atomic cesium at 130 km. 
Unfortunately, both the primary and alternate 
initiating and release mechanisms failed to 
function at altitude. A second cesium com- 
pound payload was not readily available, so it 
was decided to perform the identical experi- 
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ment utilizing the second best of the chemicals 
considered, potassium. It was considered 
advantageous to alter the choice of release 
altitude down to 120 km, since the photo- 
ionization probability of potassium is only 
10-°/sec. Accordingly, the altitude at 
which the process becomes diffusion-controlled 
is reduced. Preliminary calculations indicated 
a high probability of success with this element, 
albeit a more reduced probability when com- 
pared to cesium. In addition, some apparent 
advantages of utilizing potassium were as 
follows: the chemical nitrate is very inexpen- 
sive, readily available and weighs less per mole 
than the cesium compound. These factors are 
considered to be relatively important for the 
planning of an extensive rocket study. 

Notwithstanding that in retrospect it was 
found that several of the above assumptions 
did not apply (especially the assumed yield), 
the successful generation of a detectable artifi- 
cial electron cloud was achieved by the release 
of atomic potassium at 121 km. 

In addition to obtaining valuable information 
regarding winds, diffusion constants and mech- 
anisms, chemical yield, reaction temperature, 
etc., it was found that the data could be scaled 
accordingly to predict the result of an identical 
release of sodium and/or cesium. These 
interesting results indicated the possibility of 
utilizing a smaller, more reliable, much less 
expensive carrier as the Nike-Cajun. 


2. EXPERIMENTAL TECHNIQUES 

Chemically, the primary experimental rfe- 
quirement was for the production and release 
of the elemental alkali metal within a very 
short period of time, since it was desirable to 
achieve a well defined release of contaminant 
at the predetermined altitude. A method of 
producing alkali metal vapor was devised 
which incorporated these requirements. The 
employed chemical reaction was that between 
the alkali metal nitrate and finely divided 
aluminum powder. 

It was ascertained by prior ground tests that 
a low constant pressure reaction was not suit- 
able in that it reacted too slowly and 
inefficiently. On the other hand, if the reaction 


308 F. F. MARMO, L. M 


was permitted to proceed in a confining 
volume the resultant effect was a very vigorous 
release of alkali metal vapor which ruptured 
the cannister (static rupture pressure of about 
250 atm) 

In order to instrument the Aerobee rocket 
carrier, a stainless steel container with the 
proper dimensions was fabricated. It measured 
11-5 in. in height and diameter with a wall 
thickness of ;; in., so the available volume was 
1120 in’ or about 17:5 |. It was fabricated 
with a 4 in. thick steel flanged cover which was 
attached in such a manner as to rupture at 
approximately the same burst pressure as the 
container. Consideration of the strength of the 
container was important since it was desirable 
to contain the reaction for an appreciable 
fraction of one second or so following ignition 
by the squib arrangement. However, the 
possibility of rupture before complete reaction 
was considered to be serious, and in fact, it is 
later suggested that rupture did occur before 
10 per cent reaction had been completed. The 
reactants used consisted of 153 gm moles of 
potassium nitrate and 407 moles of aluminum 
granules of 60 micron maximum particle size 
The loaded cannister weighed about 51-0 kg 

In spite of the inherent shortcomings in this 
type of chemical release, it was utilized in this 
initial experiment and proved effective. The 
chemical, physical and mechanical considera- 
tions associated with this type of release are 
discussed next. 


3. CHEMISTRY OF 
RELEASE METHOD 


CONTAMINANT 


In addition to the several difficulties 
encountered in the chemical method employed, 
it is clear that several different possible reaction 
paths can be employed to accomplish the 
generation of the alkali metal. In spite of this, 


some useful information is derived by the 
following simplified considerations. 
Preliminary inspection of these various 


reaction paths indicated that an excess of Al 
should result in a higher probability for the 
successful generation of the alkali métal. 
Further, simple thermochemical calculations 


indicated that the confined reaction could not 
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produce temperatures above about 4000 °K. 
Consequently, since the critical temperature of 
Al is taken to be greater than 4500°K some 
unreacted aluminum may exist in the con- 
densed phase (if at equilibrium). On the other 
hand, it can be shown that the aluminum sub- 
oxides probably exist primarily in the gaseous 
form. Thus, the overall reaction is considered 
to be represented by 
407 Al+ 153 KNO, =153 K (¢)4 

+ 76°5n, (g)+ n, 

i 


where 


n,=moles 


n.=moles AlO(e), 
n,=moles O, (¢), 
n,=moles O/(e), 
n.=moles Al (c), 
n.-moles AIO, (ec) 


and (c) means condensed, (g) gaseous phase. 

The ideal gas law is assumed, and the 
following equilibria are considered to hold 
simultaneously : 


Al.O, (c)=2 Al(c)+ 30, and P 
(1) 
(c)=2 AlO + 40, Pio =K,!K-* 
(2) 

Al.O, (c)=Al,O (2)+ P, K.K 
(3) 
O, (2)=20 (¢) Po 
(4) 


It is assumed that the activities of the 
condensed constituents are independent of 
pressure. Additional considerations show that 
the produced number of moles of gaseous AIO, 
O, and O are negligible as compared to the 
other gaseous constituents and can be safely 
neglected in the following. The conservation 
of mass relation now becomes (N equals the 
total moles): 


Na =2n, + 2n, +n, =407 
No=3n, +n, =459 
and from these relations and other data 


presented the number of moles of the several 
product constituents can be calculated. 
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Thereafter, the various K, and P, are deter- 
mined from tabulated free energy values? at 
various temperatures near the expected reaction 
temperature (1500°K to 4000°K). The heat 
content of the products are determined as a 
function of temperature; the heat of reaction 
as a function of the amount of reaction 
products. From these data, heat balance 
techniques can be applied with the result that 
the temperature of reaction is estimated to be 
about 3500°K for complete reaction confined 
within the 17:5 |. vessel. However, when the 
sum of the partial pressures of the gaseous 
components is obtained, it is found that the 
cannister pressure is greater than 5000 atm. 
The cannister static burst pressure was about 
250 atm, thus even if one assumes that it can 
tolerate a relatively instantaneous pressure of 
1000 atm, it appears as if the cannister ruptures 
before complete reaction is achieved. A crude 
estimate of somewhat less than 10 per cent 
reaction seems reasonable. It should be noted 


that this situation also renders the calculated 
temperature as unreliable, however, it is felt 
that the above arguments do offer some overall 


qualitative conclusions. In fact, later discussion 
of C-3 radar returns indicate a yield of only 
3 per cent and a temperature of release of 
about 3500°K. A later paper of this series’ 
deals with the optical determination of yields in 
this type experiment, and this approach also 
indicates a chemical yield of no greater than 
10 per cent in each case studied. 

An Aerobee rocket carrying the KNO,-—Al 
mix was launched at 0929:56 MST on 
19 November 1957 at HAFB, W. Alamogordo, 
New Mexico. At III sec after launch, the 
constituent was successfully released at an 
altitude of 121 km. 


4. EXPERIMENTAL PROBES 

Shortly after release of the chemical 
contaminant at this altitude, a highly ionized 
electron cloud was detected and reported. 

The various experimental radar probes are 
individually discussed here for later reference 
pertinent to interpretation of experimental 
data. For this particular experiment a total 
of six significant radar techniques was utilized. 
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These included the following: (1) a 70 kW 
Stanford University operated radar located at 
Alamogordo, New Mexico, (2) a_ forward- 
scatter probe of the transmission from the high 
frequency pulsed radar facility at Laredo, 
Texas, (3) the White Sands Proving Ground 
C-3 vertical incidence ionosonde facility, (4) 
the Ft. Huachuca, Arizona, 800 Mc transmitter 
monitored at Lubbock, Texas, (5) the Dovap 
missile tracking facility at White Sands Proving 
Ground, and (6) a radio amateur net 
dispersed within an 800 mile radius around the 
launch site. 

The Stanford University probe is a 70 kW 
pulsed radar tunable at frequencies near 
17-3 Mc, 23:1 Mc, 30°6 Mc, 40°6 Mc and 
49 Mc. Since at least one minute is required 
to change a frequency setting, it was decided to 
start operating on 23-1 Mc since the initial 
electron density was expected to be of the 
order of 10° electrons/cm*. Subsequent shift 
of frequencies was to be dictated by observed 
returns and application of proper judgment. 
The frequency of 23:1 Mc was utilized through- 
out the potassium experiment discussed here. 

The Laredo transmitter radiates 1-2 MW 
pulsed power into each of two three-degree 
beams directed over the launch site. In the 
Operation reported here, the Laredo trans- 
missions were monitored by Smythe Associates 
at Durango, Colorado. 

The C-3 ionosonde is located at the White 
Sands Proving Ground, New Mexico. It is a 
vertical incidence radar with a 10 kW pulsed 
output and sweeps a continuously variable 
frequency band of between | and 25 Mc. The 
ionosonde is normally programmed to take 
probe soundings routinely each 15 min. These 
are recorded on 35 mm film and exposed to 
reduction at the National Bureau of Standards 
Laboratory at Boulder, Colorado. One feature 
of this instrument is that it can be made to 
operate continuously by sweeping the 1-25 Mc 
band within 15 sec, and in this way it is 
possible to obtain up to four soundings 
per minute. 

Programming for the several rocket flights 
reported in this series was generally as follows: 


9 
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ionograms were obtained at the rate of 1 /min 
for about 30 min before planned launch time 
to within 2 min of launch. Thereafter, the 
C-3 was operated on a continuous scan basis 
(four soundings per min) for a varying period 
of time depending on the observed and anticipa- 
ted results. For the potassium experiment in 
particular, this period was for about 10 min 
after launch, and the operation was repeated at 
about 15 min after launch for another 10 min 

The Ft. Huachuca facility consists of an 800 
Mc c-W transmission with 10 kW power. This 
transmission beamed toward the 
launch site was monitored for forward-scatter 
at Lubbock, Texas. This operation produced 
no reliable results. No signal at Lubbock 
could be associated with the formation of an 
electron cloud. The time factors involved in 
this utilization of the Ft. Huachuca 
facility and the incapacity of calibration under 
the conditions probably accounted for the lack 
of results 


which was 


initial 


The Dovap system is utilized for missile 
tracking at White Sands Proving Ground, New 
Mexico. It consists of a network of receiving 
stations recorded Doppler amplitude 
information on the transmitted signals of 36:94 
Mc and 73-88 Mc with power of 1-5 kW and 
125 W, respectively 

The amateur net consisted of several 
hundred radio amateurs located within an 800 
mile radius of the launch site. An invitation 
to amateurs to participate in this series of 
ionospheric probes was publicized Briefly 


parti- 


giving 


a zone number each 
cipating station depending on where the station 


was located 


was assigned to 
and identifying call letters were 

An attempt was made for the 
amateurs (in one zone) to make 
contact with another zone so located as to test 
forward-scatter. The frequency range varied 
from 14 to 148 Mc 

Unfortunately, analysis of data from both the 
Dovap and amateur nets yielded no conclusive 
data. The interpretation of the Dovap data 
was made difficult by the presence of continual 
interference returns from many scattering 
The inconclusiveness of 


also assigned 
various 


points in the area 
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the amateur reports was ascribed to poor 
communication between the launch site and 
the amateurs 


5. EXPERIMENTAL RESULTS 


Figure | shows several representative 
ionograms taken on 19 November 1957. No. |! 
was taken at | min prior to release (while the 
rocket was airborne). The horizontal lines are 
in hundreds of kilometers while the vertical 
lines show the frequencies, and the normal E- 
and F-layer responses are apparent. No. 2 
(15 sec scan, starting at 0931:45) depicts the 
onset of ionization at 12 Mc as shown by the 
horizontal line at about 142 km (slant range) 
extending as far out as 25 Mc. No. 3 (scan 
Starting at 0932:00) clearly makes the estab- 
lishment of the ionized cloud. The initial 
height of the cloud formation was several kilo- 
meters the normal E- but below the 
normal F-regions. Two resulting effects are 
noticeable in No. 4 which is the ionogram taken 
30 min after release. One effect is the 
upward cusping of the echo signal from both 
the lower and higher frequency sweep. The 
other effect is the low frequency cut off for 
reflections from the electron cloud. These 
effects are due to the fact that the electron 
cloud is embedded in the upper E-region. If 
the true height of release is known, these 
observations can be utilized to determine the 
electron content within the ionospheric region 
in question 


above 


about 


On the original C-3 records many multiple 
echoes were observed throughout the time of 
the programmed experiment. The three traces 
taken at release time plus 18, 20 and 22 min are 
shown in Fig. 2. The multiple echoes which 
were definitely ascribed to the presence of the 
electron cloud are obvious. The presence and 
behavior of these multiples have been related 
to processes other than normal diffusion. It 
was concluded that after a period of 10 min 
the cloud has expanded in horizontal diameters 
to values of hundreds of meters, and its shape 
was roughly that of a very flat spheriod. In 
addition, there probably was some cloud break- 
up at this time. It is clear that a better 


Pat 


No 


Fig. 1. lonograms taken by the Whrte Sands 
Proving Ground C-3 lonospheric Sounder depict- 
ing No. 1—while the rocket was airborne prior 
to release, No. 2—just after release and onset of 
ionization (0931: 45 scan), No 3—established 
identification of ionization (0932:00 scan) and, 
No. 4 effect 30 min. after release 


. | 
| 
4 


Fig. 2. lonograms taken at 18, 20 and 22 min after 
constituent release. Evidence of Cloud effect as 


depicted by multiple echoes in each frame is 


apparent. 


4 

4 
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interpretation of the data could be accom- 
plished if the electron cloud were visible or 
photographable in order to correlate the radar 
and optical behavior with time. This was not 
accomplished here, but this is accomplished in 
the twilight releases discussed in Paper V“ of 
this series 

Fig. 3 depicts the echo amplitude vs. time 
(A scan) plot of the Stanford University 70 kW 
radar located at Alamogrodo, New Mexico. 
The original record indicated some fluctuations 
in the amplitude which have been averaged out 
in the figure for simplification; however, the 
general contour has been preserved. Concerning 


Plot of echo amplitude versus time after 
ase of constituent from data obtained by the 
nford University 70 kW radar 


rd the following can be stated. It repre- 
positive detection of the appearance of 
-cting cloud at the proper height (B scan 
120 km) and time (launch time plus 
Thus, this return is undoubtedly 
ited with the formation of the artificial 
cloud. In addition, the saturated 
ho duration of about 17 sec indicated that 
initial (first 17 sec) electron density was 
orobably greater than N,=6°6~ 10° electrons 
Since the total 23:1 Mc was observed 
30 sec, this density persisted at least for 
30 sec after release time. The relatively 
short duration of the unsaturated signal seems 
to indicate a rapid drop in critical frequencies. 
his effect can possibly be ascribed to normal 
liffusion. The C-3 ionosonde records, discussed 
later, support the observation of rapid drop in 
initial critical frequencies. 
The results of the Laredo-Durango forward 
scatter experiment were considered positive on 
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the basis of the record obtained by Smythe 
Associates at Durango, Colorado. This record 
indicated a saturated signal lasting for about 
24 sec for the 207 Mc transmission from Laredo, 
Texas. The timing of the observed echo 
(0931:48°5) corresponds with the data from 
the other probes described here. Accordingly, 
this represents transmission of a 207 Mc signal 
beyond line of sight, in fact for a distance of 
about 855 miles (Laredo—Durango). 

Figure 4 shows the time variation of the 
slant range of the electron cloud as obtained 
from the C-3 ionosonde data. The range point 
represent averages of the four soundings taken 
during each minute. The smooth variation of 
the range with time for this 8 min period is 
strong support for the presence of a simple 
electron cloud. From the initial slant range of 
about 142 km, the increase in range is pre- 
sumably due to ionospheric winds assumed to 
be horizontal, moreover, the contribution of 
vertical drifts is probably negligible. The 
relative radial velocity is 43 m/sec, and the 
initial height of the cloud formation is taken 
at 121 km. Simple geometric considerations 
show that if the cloud is drifting directly away 
from the C-3 ionosonde, its direction and 
average velocity are towards the northeast at 
76 m/sec. If the cloud were moving at right 
angles to the plane which contains the station 
and the clouds initial position, the average 
velocity is 160 m/sec. An attempt to obtain 
the intermediate best geometric fit from these 
two extreme cases indicates that most likely the 
wind direction was towards the northeast with 
an average velocity of between 76 and 80 
m/sec. These values are consistent with wind 
velocity data at an altitude of 95 km of 60 m 
per sec deduced from the nitric oxide release 
experiment’, and wind determinations of 36 
miles per sec at 119 km using a sodium release 
technique”. 

The results of the C-3 ionosonde (and the 
23:1 Mc radar) are depicted in Fig. 5. The 


maximum frequency return associated with the 
cloud (and the corresponding electron density, 
backscatter assumed) is plotted against the time 
According to the 


after contaminant release. 
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Fig. 4. Time variation of the slant range of the 
electron cloud versus time as obtained from the 
C-3 ionogram data. 
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Fig. 5. Theoretical fit to the maximum frequency 
return versus time after release of constituent as 
obtained from the C-3 ionograms. 
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records, the contaminant release time occurred 
between the 0931:45 and 0932:00 MST iono- 
grams. This corresponds to the time interval 
of launch time plus 105 to 120 sec. The actual 
release was verified by independent methods 
(ground monitor of timer) to be at III sec 
after launch. It is considered that the data 
shown in Fig. 5 is the most meaningful and 
reliable of the total. Also, it can be analyzed 
and interpreted in a manner which proves to be 
consistent with general theory. Thus, the 
analysis of these data is more detailed and 
follows. 


6. ANALYSIS OF C-3 LONOSONDE DATA 

As mentioned, the C-3 ionosonde data were 
considered to be the most meaningful and 
compatible to analysis. For ready comparison 
the data from the 23-1 Mc radar are represented 
by the open circle (Fig. 5) at 30 sec. This 
section outlines the method employed for the 
analysis of the data and the results obtained 
thereof. Subsequently, some of the experi- 
mental parameters obtained are extrapolated 


and applied to some hypothetical experimenis 
revealing interesting results. 


(a) Dominant electron density decay processes 

For the proper choice of mathematical model 
it is important to ascertain which process or 
processes contribute significantly to the time 
rate of decay of electron density. An earlier 
discussion based upon the experimental para- 
meters expected to be encountered led to the 
conclusion that diffusion was the dominant 
decay process. This was based on several 
assumptions not all of which were found to 
hold in retrospect to the subsequent findings 
from the analysis contained in this section. 
However, in those instances where only little 
agreement was found between some initial 
assumptions and an experimentally determined 
parameter the direction of disagreement was 
such as to strengthen the basis of the initial 
assumptions. Hence, the mathematical model 
selected still considers diffusion as the only 
effective electron density decay process in this 
experiment. Finally, it is demonstrated that 
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the validity of this choice is further supported 
by the excellent agreement obtained between 
theory and observed data. 


(b) Mathematical model, Gaussian distribution 

Paper II of this series®’ employed a model 
which assumed an initial squarewell, homo- 
geneous distribution which became Gaussian 
in time; this was used to facilitate the introduc- 
tory discussions associated with the various 
interrelated processes encountered in the 
generation of artificial electron clouds. In most 
cases the general conclusions were similar to 
those which could have been derived from 
other initial distributions including the three 
dimensional Gaussian. The latter model is 
adopted for analysis here, since now the mathe- 
matics is facilitated without any loss in 
physical significance. 


(c) Optical size of cloud, Gaussian half width 

The electron cloud is not considered to be a 
relatively efficient radar reflector unless it has a 
diameter of greater than a few wavelengths; at 
6 Mc the associated wavelength is about 50 m. 
An estimate of the electron cloud initial size is 
obtained as follows: 

Data were available concerning the observed 
optical sizes (initial) of “doped” contaminant 
visible rocket twilight releases performed 
under cloud generation and release conditions 
similar to those employed here (see experiments 
3 and 4 of Paper I“). In particular these were 
performed at 128 km and 116 km with some- 
what smaller payloads (Nike-Cajun rockets). 
For our purpose, the observed optical widths 
were adjusted to an intermediate altitude 
release at 121 km, where an optical radius of 
about 600 m is suggested (after proper adjust- 
ment of varying payload). From this optical 
radius one can then obtain the corresponding 
Gaussian half-width r, of 200 meters by a 
method described in a forthcoming paper by 
the authors on the general optical behavior of 
resonance radiation clouds. Since many un- 
certainties exist in this method for estimating 
the proper Gaussian half-width, a range of 
between 100-300 m radius is considered here. 
Three consequences of this estimated r,-value 
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are as follows. First, the rate of change in the 
cloud electron density is relatively insensitive 
to the adopted range of r,-values in that no 
significant observable difference is apparent 
with the substitution of 100 or 300m. Second, 
for such large r,-values the cloud size criterion 
(radar reflector) is achieved essentially at 
release time (within a fraction of one sec). 
Third, the time behavior of the required radar 
cross section essentially duplicates the center 
point electron density decay. This latter factor 
is utilized in the mathematical treatment that 
follows : 


(d) Mathematical analysis 


The following analysis based on prior 


discussion was found to yield the best fit to 
the experimental data 
The general equation is 


where n.=the electron density, 
q=the photoionization rate of elec- 
tron production, 
D, =the ambipolar diffusion coefficient 


We assume that 


exp (6) 


oN ( r ) 

*(4D,t+r,") 
the photoionization 
per atom, 

N=total number of 
particles, 

D, =the diffusion coefficient associated 
with the neutrals 

Further, the fit is considerably improved when 

the following initial condition is imposed 


\ 


is found to be about 5 « 10-* and can 
the thermal ionization 
thermal ionization is 


where 


probability 


contaminant 


n. (r, 0) (7) 


where 
be interpreted as 
efficiency if initial 
assumed. 


If D, =D,, then the general solution is 


N [1 —exp (— kd] 


n.(r.t)= 


ASCHENBRAND and J. PRESSMAN 


where D, is an effective diffusion coefficient 
discussed later. Finally, since the criterion for 
utilizing center-point densities has been estab- 
lished, the use of the solution of n. (0,1) is 
appropriate. 


(e) Experimentally determined parameters 
The best agreement to the observed C-3 
data was obtained with the following values: 
«10 
D,=2:2« 10° cm 
10" particles, or 5 moles, 
r, = 100-300 m., 


10 


sec, 
sec, 


(listed in order of suggested 
reliability of determined 
result is depicted in Fig. 5 

It may appear that a large degree of 
flexibility is available for proper fitting in view 
of the parameters involved. It is 
suggested that this is not the case, in fact the 
requirement of utilizing several reasonable 
values simultaneously for proper fit can serve 
to make a proper fit highly restrictive. This 
seems to be the case here. For example, 
although it is felt that the values of r, and c are 
not too well established, they are probably 
correct to within a factor of two or three. Re- 
gardless, it can be shown that in either case, 
both these parameters affect only the very early 
behavior of the decreasing electron density 
For example, from equation (8) the r, effect is 
only significant for r,°/4D. Representative 
values indicate that these times are earlier than 
any analysed here. Physically, this implies 
that the initial shape affects only the early 
data with little effect on the later measurements. 
Accordingly, for this case, the choice of r 
(within the range indicated) is not too critical in 
fitting the data. For the c-values case, it is 
readily shown that the cross over point (from 
thermal to photoionization processes) is at 
t=c/o. Again one concludes that the effect is 
restricted to relatively early data. It is clear, 
however, that the early data cannot be matched 
with any value far removed from 5 10~*; it 
is only emphasized here that the importance is 


decreasing 
magnitude). The 


several 


| 
q+D,V?n (5) 
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restricted to early times. The validity of 
assuming initial thermal ionization and _ this 
c-value are established in Paper IV“ of this 
series 

The o-value of 1:0x 10~'/sec was derived 
from published experimental data” and is 
considered to be the most reliable of the 
several parameters employed. Consequently, 
this value is not subject to variation here, and 
this results in another restriction of apparent 
flexibility. There remains the consideration of 
the remaining two parameters, N and D., the 
total number of contaminant particles and the 
effective diffusion coefficient, respectively. Con- 
cerning N, earlier discussion (Section 3) 
indicated a chemical yield of less than about 
10 per cent could be expected. Reference to 
thermally achieved total initial electrons indi- 
cates a relatively low chemical yield for any 
reasonable c-values. Only by imposing a 
c-value of less than about 1-6 x 10~* could yields 
greater than 10 per cent be permitted. Thermo- 
chemical considerations indicate that this is 
not too likely. Again, further evidence for 
expectation of a poor chemical yield is given in 
a future publication” in which the optical 
method employed shows yields of the order of 
a few per cent for alkali metal contaminant 
releases employing chemical techniques ana- 
logous to those employed here. However, even 
if a chemical yield of only a few per cent is 
anticipated, it still remains to ascertain if it is 
compatible with using a reasonable value 
for D., the effective diffusion coefficient, and 
the subsequent obtaining of a good experi- 
mental fit. 

For reasons to be discussed in the following 
Section, it is expected that D, should lie some- 
where between the ambipolar and neutral 
diffusion coefficients. The latter two have been 
determined theoretically’’’ and at 120 km the 
respective values are 8:2 10° cm’/sec and 
5-5 10" cm*/sec. For a reasonable trial value 
an intermediate value of about 3 x 10° cm’*/sec 
is appropriate. Corroboration for this initial 
choice is again found in Paper V where the 
visible photographic clouds yielded cloud 
dynamics data that suggest, for early times 
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(first several minutes), prevailing non-turbulent 
diffusion; thus, the calculated values of molecu- 
lar diffusion are supported. Considering all 
the peripheral data which must be dovetailed 
into this analysis, it is particularly illuminating 
to experience a best fit of the experimental 
data with parametric values for D, and N of 
22x10’ cm*/sec and 10° (5:0 moles 
which correspond to about 3 per cent chemical 
yield). 


(f) Some comments on diffusion 

In the original formulation, two different D's 
were employed, the ambipolar and the neutral 
diffusion coefficients, D, and D,, respectively. 
For mathematical expediency, these were 
regarded as identical while in fact they are 
quite different. Actually, a best fit was achieved 
by using a value of D, which was intermediate 
between the two. 

In the early phases of the cloud life (thermal 
ionization) the dominant diffusive forces are 
presumably ambipolar. Some time after the 
cross-over point (f=c/c) the dominant diffu- 
sion process reflects the joint influence of the 
neutrals (continuously photoionized) and the 
generated ion-electron pairs. Thus, it is 
expected that the observed coefficient would 
increase in time from initially ambipolar to 
some effective value, D,, intermediate between 
D, and D This D. is what is computed from 
the data that best indicates a good fit 

The above discussion implies that the 
diffusion process throughout the time of obser- 
vation was primarily molecular. This is not 
necessarily the case. For example, neither 
turbulent diffusion is ruled out nor a diffusion 
mechanism that changes with time (i.e. transi- 
tion from molecular to turbulent). In addition, 
turbulent diffusion itself can vary with time as 
the size of the cloud moves into different zones 
of the turbulent size spectrum. The rates 
associated with the various regimes are not 
well known. The data reported here are of 
little value for definitive statements regarding 
the complex diffusive effects mentioned. It is 
sufficient to state that from these data (and 
peripheral data discussed) it is felt that the 
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diffusive forces are probably dominantly mole- 
cular in view of the agreement obtained with 
estimated magnitudes of the appropriate 
molecular diffusion coefficients. Valuable in- 
formation concerning diffusive mechanisms and 
rates can be obtained by the judicious choice of 
rocket experimentation. Some examples are 
offered here. 

Electron clouds created under nighttime 
conditions or in twilight, when the ozone 
shadow has effectively absorbed out the ioniz- 
ing component, will diffuse under ambipolar 
diffusion and can be utilized to measure the 
ambipolar coefficient. Those clouds created 
under other conditions can be utilized to 
measure D., the effective diffusion coefficient, 
which is intermediate between the neutral and 
ambipolar diffusion coefficient 

Additionally, the appropriate doping and 
suitable optical detection techniques can be 
utilized very effectively to study the diffusion 
coefficients of contaminants of different masses 
(Cs, Ba, Na, Li, etc.) and reactivity with the 
atmospheric species 


The possibility of determining the dynamics 
associated with the ions and neutrals simul- 
taneously is afforded by the high altitude 
twilight release of contaminants that resonate 
in the visible or photographic region for both 
the neutral and ionized species. Barium and 
calcium are examples. These data would be 
valuable in determining the dominant diffusive 
mechanism (molecular, ambipolar, turbulent, 
effective, etc.). 

It should be added that for the successful 
interpretation of the above experiments quite 
careful optical requirements must be met. 


7. ESTIMATED EFFECTIVENESS OF SOME 
PROJECTED EXPERIMENTS 


The three curves in Fig. 6 are intended to 
offer crude estimates of the predicted time 
behavior of the maximum frequency back- 
scatter for the hypothetical 121 km Nike-Cajun 
release of the three alkali metals, cesium, 
potassium and sodium. The figure was derived 
in an attempt to ascertain the feasibility of 
utilizing the less expensive, more reliable, 


PREDICTED BEHAVIOR OF NIKE CAJUN 
RELEASE OF Cs, K.No, AT 12! KM 


5) 


ELECTRON DENSITY (cm 
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POTASSIUM 


TIME (minutes) 
Fig.6. Pred.cted behavior of maximum frequency 
versus time of Nike-Cajun release of cesium, 
potassium and sodium at 121 km for chemical 
and thermal ionization yields of only 3%. and 
0'1%,, respectively. The curves serve to indicate 
the potential capability of an improved system 
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available solid fuel rockets for the generation 
of artificial electron clouds and related experi- 
ments. The results have been obtained by 
extrapolation of the information obtained from 
the analysis of the 121 km Aerobee potassium 
release. The assumptions employed, anticipa- 
ted accuracy and the limitations imposed for 
further extrapolation are discussed below. 
First, the overall assumption is made that 
the same values of the parameters apply here 
as those determined from the potassium 
experiment; D., c, r,, altitude of release (121 
km) and chemical yield (3 per cent). The c- 
value of cesium and sodium do noi differ 
markedly from the intermediate potassium 
value of 5x 10 Further, the reduced 
effect on the observed D, is_ considered 
negligible for cesium or sodium when com- 
pared to potassium (intermediate in atomic 
The assumption of similar chemistry, 
on the fact that we deal here with a 
chemical family of elements, leads to the 
values of N shown in Fig. 6 for each element 


mass 


weight) 


based 


(after proper adjustment for payload). The 
r-values are considered fixed and obtained 
from Table | in Paper Il”. Admittedly, this 


treatment is not too rigid, but it is found to lead 
to interesting which have been 
confirmed in later experimenis (Paper V, VI"’) 
The restriction of electron density 
mechanism attributed only diffusion is 
inherent in these arguments, and caution must 


conclusions 


loss 


to 


be exercised in extrapolations to those experi- 
mental conditions that are somewhat removed 
from the assumed ones 

Since 
within the ionosphere, a criterion for successful 


the experiments discussed here occur 


experimentation may be defined as_ the 
capability of generating an artificial electron 
cloud with electron densities of at least 5 x 10 


to 10° electrons/cm’® persisting at least several 
minutes. Reference to Fig. 6 shows that, even 
for this minimal type cloud formation, the 
potassium and sodium cases are at best border- 
line, whereas for cesium it is apparent that, 
with present capabilities, a Nike-Cajun release 
at about 120 km could result in an effective 
artificial electron cloud. 
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In Table | are some values for the predicted 


of backscatter of the discrete 
frequencies 100, 50 and 25 Mc. For approxi- 
mate forward-scatter beyond line of sight 
capability it is valid to multiply f,... by a factor 
of 4 or 5 for an assumed symmetrical trans- 


time duration 


Table 1. Predicted Values for f,,.. vs. Time 
Duration (At) by release of Cesium at 121km 
in Aerobee (A) and Nike-Cajun (N-C) 


f max (Mc) At.,, 
100 15 sec <1 sec 
$0 ~ 1 min <1 sec 
25 - 10 min ~ 3 min 


mitter-cloud-receiver geometry. In addition to 
the Nike-Cajun release, analogous expectation 
values are included for the attempted Aerobee 
cesium (about 100 moles) experiment of 
September 1957, which failed. Although these 
projections are based on a somewhat approxi- 
mate treatment, they indicate the high 
potential of the system especially since such 
poor chemical yield (3 per cent) and relatively 
thermal efficiency (5x 10™*) 
values were employed 

On the basis of these findings, it is valid to 
conclude that the capability of performing 
certain Nike-Cajun (or similar payload vehicles) 


do 


low ionization 


electron cloud experiments has been estab- 
lished. It was this reasoning. in fact, which 
led to the subsequent use of Nike-Cajuns 


exclusively on all future experiments reported 
in this series 
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Abstract Transport equations are used to determine coefficients which are generalizations for 
iny frequency of electric field of the parallel, Pedersen and Hall conductivities in a fully ionized 
gas 


These coefficients are used in an investigation of the propagation of weak electromagnetic 
ind hydromagnetic waves of all frequencies across a homogeneous and constant magnetic field 


in a rarefied fully ionized gas. For propagation perpendicular to the magnetic field it is found 


for all frequencies 


(1) 


where } H?/4-p and h are the perturbations of the velocity, magnetic field. Similar 
elationships are deduced for propagation at any angle to the field for frequencies greater than 


r 


about 10 times the gyrofrequency of electrons 
[he theory is applied to discuss transmission of disturbance across the interplanetary 
medium, the temperature of the solar corona and the earth’s outer atmosphere, the emission 


of non-thermal solar radio noise, cosmic radio noise and the anomalous emission of light 


from shock fronts 


1. THE CONDUCTIVITIES For small electric fields, the mean time (+) 
he equation of motion of electrons in a fully between collisions of an electron with ions can 
ionised gas in which viscosity, the gradient of be considered as approximately independent of 


pressure of electrons and gravitation can be the field and P nmvy/r. Thus equation (1) 
neglected is (c.f. reference 1) in e.m.u. becomes 
dy ne dv 
nm (E+ H)+P, (1) m ) (E+v~x H). (2) 
dt c dt r 


Let it be assumed that E is a small 


where 
n=number of electrons per cm perturbation of the form E=E, exp wr; then 
v=average velocity of electrons solutions of equation (2) of the form v=yv 
e,m charge, mass of an electron exp uot can be found, where 
E = electric field 
H = magnetic field nee ( ) (E.+v.xB). (3) 


c=velocity of light 


P=total momentum transferred to the 
electrons per unit volume per unit Neglecting the current due to the movement 


time by collision with ions. of ions, the conduction current (j) is given by 
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j=nevic. This is equivalent to assuming the 

average velocity of ions to be zero. In general 

+S,E,+s 


j-s,E (4) 
where E., E, are components of E parallel, 
perpendicular to H. Hence from equation 
(3) we derive 

| 

1+wr’ 


where p is the gyrofrequency of electrons 


When wr— 0, 5,,. 5,. 5 
known parallel conductivity 
conductivity 


reduce to the well 
the Pedersen 

and the Hall conductivity 
respectively. The real part of s, is the parallel 
“conductivity” as deduced by Mitra® for an 
alternating electric field; this is applicable 
when wr - |. The real parts of s, and s 
are the conductivities deduced by Chapman 
and Cowling” for an alternating electric field: 

applicable when wr < < 
It is to be noted, from equations (5), that 
when Pp. § Ss, and s 0. That is, 
for such frequencies the medium can be 
regarded as approximately isotropic in conduc- 
tivity 
be 


again these are 


For lower frequencies the medium must 
regarded as anisotropic 


1.1. Joule heatine 

Because of the nature of the coefficients s,, 
s,, 8, there are in general phase differences 
between the field E and the current j. In order 
to formulate a physically meaningful expression 
for the rate of joule heating it is convenient to 
work’ with the real parts of the expressions 
for E and j. We denote the real part of a 
complex quantity A by R(A), the complex 
conjugate by A*, and the amplitude or modulus 
by A The time average of the product 


R(A,). R(A,) is equal to = R(A,A?). 


If an electric force R(eE) maintains a 
velocity R(v) of electrons in spite of collisions 
then the electric force does work at the rate of 
R (eE). R(v) per electron per sec. Hence the 
time average rate of production of joule heat 
(Q) per unit volume is given by 


O =[nR (eE). R (v)] [R (j). R 


where ¢ is the angle between the electric field E 
and the magnetic field H. We may also express 
QO in terms of the current as follows 
O=1/s*(RW.RW 
cos [ + 
s,|*JE,” sin’ ¢}. 


R (s.) cos 


] sin 


Thus s* 
R (s,) sin 


From equation (8) it is seen that when 


and when 


1 this last result 


When 
which is 


becomes 
independent of the angle « 

Ihe expressions for s,, s,, s,, s* are derived 
for a fully ionized gas. The same formulae will 
also apply approximately to any gas in which 
the conductivity can be attributed principally 
to electrons. Thus they also apply to a lightly 
ionized dense gas. In general for a partially 
ionized gas a total conductivity component is 
the sum of the respective conductivity com- 
ponents from each ion separately 

For later use in this paper we introduce here 
a third conductivity s, defined by s,=s 
s.°/s,. From (5) it follows that s,=s, for a 
fully ionized gas. 

In discussing hydromagnetic wave pheno- 
mena in terms of transport equations’, one is 
restricted by the use of the coefficients c,, ,, 

to frequencies much smaller than the 
collision frequency of electrons. The use of 
the coefficients s,, s,, s,, 8, deduced above 
enables extension to all frequencies of electro- 
magnetic and hydromagnetic waves in a fully 
ionized gas. 
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2. ELECTRO HYDROMAGNETIC WAVES 

By analogy with Piddington’s™ work, the 
equation governing the rates of change of the 
field vectors in a conducting medium in which 
the resident magnetic field is homogeneous and 
constant is (under conditions specified below) 


OH 


~ 


curl v x H} +C (9) 
where v is the momentum per unit mass of the 
medium. If the medium is incompressible” 
then 
Oo 
where V=H/ (the Alfvén velocity). 
If the field vectors vary with frequencies 
much greater than the gyrofrequency of 
electrons p, say o> 10 p, the medium can be 


(Hx curl 0, (10) 


regarded as isotropic in conductivity. Hence 
we can put s=s, and equation (9) applies for 
all directions of propagation at these frequen- 
For propagation orthogonal to the 
magnetic field at any frequency we put s=s 
(c.f. reference 6). But for a fully ionized gas 
s,=8,, so the equation is unchanged. 

We now seek solutions of (9), (10) for v and 
small perturbations, h of the vector H, of the 
form exp «(wf—ke&). We choose rectangular 
cartesian coordinates with the z-axis in the 
direction of H and the x-axis in the plane made 
by the wave normal 0¢ and H. Denote by ¥ 
the angle between O€ and H. Following the 
method of Piddington™” we find from equations 
(8) and (10) the relationships between the 
perturbations, viz., 


cies 


(lla) 
h 
4zs,ck cos YVH 


cos 


cos VH 


tan v. (14) 
h, 

Equations (11) and (12) correspond to two 
different waves, the extraordinary ray and the 
ordinary ray respectively (c.f. reference 7). 
From equations (lla) and (11b) it follows that 


(15) 


P 
where = . From equations (12a) and (12b) 
it follows that 


(16) 


Consider the special case of Y=7/2 and in 
particular the extraordinary ray. The following 
is seen from equation (15) 

(i) As Le. as or o—>&X. 


magnetic. 
(ii) As 


it is usual to call these waves electro- 


toe V; it is usual to call these waves hydro- 


magnetic 

It is suggested that the term electro-hydro- 

magnetic (e.h.m.) waves be used in the general 

case 
Substituting 

(16) become 


for V* and s,, equations (15), 


(17) 
k? 

(18) 
k? 


where 


4zne’ ) 
m 
the plasma frequency. 
The main features of these expressions can 
be illustrated by considering the limiting case 
r—» 0c, Equation (17) then reduces to 


9 
je (19) 
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Fig. 1. 
gonal to a homogeneous magnetic field in a fully 


ionized gas with + 


Electromagnetic 


Log @ 
The propagation of e.h.m. waves ortho- 


» OO. Plot of the logarithm of 


phase velocity and attenuation distance 1/6 


against the logarithm of frequency 


Writing & in the form k=a— ch where a and b 


are real, } is the phase velocity of the 


a 
wave and 1/+ is the exponential attenuation 
distance. The mode of variation of these 


quantities is illustrated qualitatively in Fig. 1. 


It is seen that at frequencies between Sw, and 
the disturbance is a stationary wave. 
2.1. Energy partition 
Consider the special case of vJ=7/2. It 
follows from equations (11) to (14) that A,=hA, 
0, and 
|h,|? 
(20) 


R- 


The appropriate dispersion relation is equation 
(17). Equation (20) shows that with e.h.m. 
waves in a fully ionised gas there is associated 
not only a magnetic energy of disturbance but 
also a kinetic one. This is true not only for 


but 


frequencies usually called hydromagnetic 


are infinite outside of ranges drawn 


Vor and 1b 


also for those usually called electromaenetic 
(i.e. optical and radio). 


For completeness let the electric energy of 


disturbance ( 8 ) be introduced. Since curl 


1 ch 1 
E =, then 
c er 8= $x 
Thus for propagation orthogonal to the 
magnetic field in a fully ionized gas 
p |v|*= VY? (21) 


This relationship shows the partition of energy 
over the entire range of frequencies. 


When E =o Le. for waves usually called 
electromagnetic, 
When F V, ie. for waves usually called 


hydromagnetic 
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Consider now the general case of propagation 


(23) 


at any angle / to the magnetic field H. For 
frequencies 10 p, the medium can be 
regarded as isotropically conducting and 
equations (9) to (18) describe this case. The 


partition of energy for the ordinary and extra- 
ordinary components may be calculated from 
equations (11) and (12) and curlE l/c. 
*h/ er 

For frequencies 10 p, the medium 
is anisotropically conducting and the equations 


describing propagation at these frequencies 
in any direction but orthogonal become 
complicated. The relevant equations can be 


shown by the method of Piddington to be 


| cE 
{ curlH—c-? ) 
02 ct 
ot ~H 
4zs { curl v » (24 
| ct 
together with equation (10), and 
oH ‘ 
curl E = - =, (25) 
c ct 


In principle these three equations can be solved 
is above* and the dispersion relationship is 
»btained by eliminating the variables h,, h,. h., 
ane E,, E,, &,. 


3. APPLICATIONS 

3.1. Geomagnetic disturbance 

Let us make the assumption that at some 
time during a solar disturbance e.h.m. waves of 
all frequencies are simultaneously emitted. 
Such an event would appear at the earth as a 
dispersed train of e.h.m. waves. The high 
frequencies would arrive with the velocity « 
and the low frequencies with the velocity V. 
We take the average V across the sun-earth 
space to be 10° cm per sec corresponding to a 
2 day delay. 

If the sun has a magnetic field of strength 
1G at its surface and this field decreases in- 
versely as the square’ of the distance from 


* This is the subject of a further paper in prepara- 
tion. 
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the sun, the average field between the sun and 
the earth may be of the order of 10-* G. This 
would make the proton density of order | per 
cm.” A density of this order is indicated by 
extrapolation of outer atmosphere electron 
density obtained by whistler and micropulsa- 
tion” studies. (These conflict with estimates 
made by other means'''’.) 

It is known that a typical large magnetic 
storm involves a disturbance of order 100 
gammas averaged over the whole earth. How- 
ever this may be the result of only weak 
hydromagnetic waves in the nearby inter- 
planetary medium for, on account of the 
convergence of the lines of force of the earth’s 
field, there may be considerable magnification 
of such disturbances 

Corpuscular bombardment of the earth does 
not necessarily imply corpuscular emission by 
the sun. The propagation of an e.h.m 
at right angles to a magnetic field ensures that 
the velocity perturbation of the medium is in 
the direction of wave motion. It follows from 
equations (Ila) and (14) that for the extra- 
ordinary ray, when =/2 and for the hydro- 
magnetic frequencies, 7,=Vh./H. Hence with 
V=10° cm per sec and h./H=0-1, v,=10° cm 
per sec. Thus weak waves can give rise to 
particle velocities of the order of those 
associated with auroras.‘ 


wave 


3.2. The temperature of the solar corona 
For propagation along a magnetic field it 
follows from equations (11) to (14) that 


(26) 
aT 


where the subscript 1 indicates perturbations 
perpendicular to the resident magnetic field. 
It is assumed that by far the greatest amount 
of radiation from the sun is at frequencies such 
that w/k=~¢ 

Now in localised areas of the sun magnetic 
fields of 100 G and more are not uncommon. 
A particle density of 2 10° per cm®* in such 
regions gives V ~0-lc. The magnetic energy 
of disturbance is given by S/2c where S is the 
flux of electromagnetic energy per second. 


2 
5 
, 
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The kinetic energy of disturbance can be 
represented in terms of an equivalent tempera- 


3 


ture T, viz. 5 akT : 


piv, |?. It follows that 
SV’ 
3c*nk 
Using n=2x 10° per cm’, s=6 ergs per 
cm®* per sec, V=0-lc, we have T ~ 10° °K. 


(27) 


3.3. Temperature in the earth's outer 
atmosphere 

We assume the earth’s atmosphere to be 
fully ionized at great heights. The spectrum 
of radiation emitted by the sun is divided 
roughly into two blocks (see Fig. 1). We denote 
the flux associated with the electromagnetic 
block by S, (the solar constant) and that with 
the hydromagnetic block by S,. Using the 
partition equations (22) and (23) it follows that 
the temperature equivalent of the kinetic 
energy of disturbance associated with the total 
solar radiation is 


T= 


+ yi : (28) 


3nk 
S, is known to stay approximately constant. 
Providing V remains reasonably steady the 
contribution to temperature in the outer atmo- 
sphere by the electromagnetic block will also 
be steady. However, it seems likely that S, 
will be subject to considerable fluctuations and 
this will reflect in T. Unfortunately consider- 
able uncertainty on the variation of the density 
of the outer atmosphere precludes evaluation 
of T as a function of height. However 
equivalent temperatures of order 10°°K at 5 
earth radii appear likely. 


( 


3.4. Generation of radio and optical frequency 

Equation (21) implies that whatever fre- 
quencies appear in the spectrum of velocity of 
matter moving across a magnetic field in a 
fully ionized gas also appear in the electro- 
magnetic field. It is suggested that the violent 
deceleration of matter across magnetic fields is 
responsible for the production of non-thermal 
solar radio noise and for a substantial part of 
the radio noise emitted by galactic emitters. 
It is suggested also that a similar explanation 
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may account for the anomalous production of 
light at shock fronts.” 


3.5. Cosmic radio noise 

Consider a radio source situated in a 
direction from the earth orthogonal to the 
interplanetary magnetic field. Fig. | represents 
approximately the behaviour of the inter- 
planetary medium. It will be seen that there 
will be a missing band of frequencies from the 
spectrum of the emitter. The lower limit of 
this band will be 8m, and the upper will be set 
by the distance of the emitter from the earth. 
Since vast distances are involved, it is highly 
likely that this upper limit will be just less than 
Since Sw, is proportional to H, and ©, is 
proportional to nm', it may be possible to find 
experimentally values of the interplanetary 
magnetic field and electron density by locating 
this missing band of frequencies 
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THE ASSOCIATION OF SOLAR RADIO BURSTS WITH 
AURORAL STREAMS 
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Radio Astronomy Station of Harvard College Observatory, Fort Davis, Texas 


(Received 16 June 1959) 

Abstract—-Slow drift (Type Il) radio bursts from the sun are believed to be caused by a primary 
disturbance moving outward through the solar atmosphere with a velocity of about 1000 km/sec. 
Analysis of the 2 years, 1956 October | through 1958 September 30, over the sunspot maximum 
shows that 45 per cent of these bursts are associated with the subsequent occurrence of terrestrial 
The mean delay and the terrestrial 
disturbances is 33 hr, which is in good accord with the velocity for the disturbing source as 
deduced from the radio data 


aurore and magnetic storms. between the radio bursts 
Investigation of the properties of the individual slow drift bursts 
and their association with other solar radio and optical phenomena reveals no completely 
conclusive criteria to explain why only 45 per cent of the bursts are geomagnetically important. 
The geomagnetic effects are enhanced, however, if the bursts occur near the equinoxes and if 
they are accompanied by a flare of importance 2 or 3, or by continuum (Type IV) radiation. 

In the reverse 


association, with radio data available for an average 14 hr daily, it is shown 


that at least 60 per cent of magnetic storms are preceded, within 4 days, by a slow drift burst. 


1. INTRODUCTION 


It has for some years been suggested that the 
generation of certain types of radio bursts in 
the solar atmosphere is associated with the 
emission of auroral corpuscular particles from 
the sun.':* This paper is concerned specific- 
ally with the relation of the slow drift (spectral 
Type II) bursts to the emission of auroral 
streams and the occurrence of geomagnetic 
storms. The spectral properties of the slow 
drift bursts strongly suggest that they, alone 
amongst the various types of radio bursts, 
originate from the passage of such streams 
through the solar atmosphere. 

Two examples of the slow drift bursts are 
shown in Fig. 1. These were recorded with 
sweep frequency equipment at Fort Davis, 
Texas, covering the range 100-580 Mc/s,’ and 
are typical of an average of thirty such bursts 
recorded yearly at Fort Davis during the solar 
maximum. The dominant characteristic of this 
type of burst is its gradual drift towards the 
lower end of the frequency spectrum. This is 
consistent with an origin due to a disturbance 
moving outwards through the solar corona, and 


exciting emission from levels of progressively 
lower plasma frequency. The observed rate of 
change of frequency together with the present 
estimates of the electron density in the corona 
indicate a velocity of about 1000 km/sec for 
the exciting agency.“ This figure has recently 
been verified by the interferometer measure- 
ments of Wild, Sheridan and Trent which 
confirm that the different frequencies 
originate at different heights in the solar 
atmosphere, as the above emission mechanism 
requires. 

A velocity of 1000 km/sec corresponds to a 
time of travel of 42 hr for a direct path between 
the sun and the earth, and is approximately that 
assigned to auroral particles. The velocity of 
the particles has been derived, in the past, from 
the time delay which exists beween the occur- 
rence of a large solar flare or large solar radio 
burst of unspecified spectral classification and 
the onset of a terrestrial magnetic storm.“: ” 
Since the origin of the slow drift bursts is 
assigned to a disturbance moving outwards 
through the solar atmosphere with a velocity of 
approximately 1000 km/sec, it is plausible to 


also 
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assume that this disturbing agency may be the 
auroral corpuscular particles, or at least a 
shock wave associated with their ejection. For 
this reason, one might expect to find a definite 
relation between the drift bursts and 
subsequent terrestrial magnetic storms 

The radio data described in this paper were 
recorded with sweep frequency receivers, 
covering the range 100-580 Mc/s, at the Radio 
Astronomy Station of Harvard College Obser- 
vatory, Fort Davis, Texas. A_ preliminary 
account of this work was given at the L.A.U.- 
U.R.S.1. symposium on radio astronomy in 
Paris, August 1958 


slow 


2. SLOW DRIFT BURSTS AND THE 
PLANETARY MAGNETIC INDEX 
We first investigate the relation of 
magnetic activity to slow drift bursts alone, 
without reference to any associated phenomena 
such as flares. The radio data cover 
95 per cent of the period sunrise to sunset at 
Fort Davis for the 2 years 1956 October | 
through 1958 September 30. During this time 
sixty slow drift bursts were recorded. The 3 hr 
planetary magnetic index Kp has been used as 
the index of the influx of auroral particles in 
the vicinity of the earth 


g£eo- 


solar 
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The comparison of the occurrence of the 
slow drift radio bursts with the onset of 
terrestrial magnetic activity has been carried 
out by the superposed epoch method, the 
occurrence of the radio bursts being taken as 
the zero reference time, and the three hourly 
magnetic character figures within the range —3 
to +7 days being plotted about the time of the 
radio burst. The result is shown in Fig. 2, in 
which the ordinate gives values of Kp averaged 
over the sixty bursts, and the abscissa shows 
time relative to the bursts The curve shows 
a clear rise in geomagnetic activity following 
the occurrence of the slow drift radio bursts 
{A similar result was found by Roberts for 
the Ap-index of magnetic activity). The first 
peak in magnetic activity occurs approximately 
12-24 hr after the drift bursts and a 
second peak occurs at approximately 48-60 hr 
These time delays are in reasonable accord with 
the velocity deduced for the disturbing agent 
which to the slow drift 
one may logically conclude that the slow drift 
bursts are related to the terrestrial magnetic 
storms 

It will also be seen from Fig. 2 that a further 
rise in magnetic activity commences on the day 
+4 after the slow drift bursts. This may be 


slow 


gives rise bursts, and 


i 


Fig. 2 


2 


Doys 


Superposed epoch diagram of the variation 


of the planetary magnetic index, Kp, about the 


occurrence of slow drift radio bursts 


The average 


Kp for the period 1956, October 1 to 1958, September 


3, was 2-76. 
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associated with the fact that slow drift bursts 
tend to recur within a period of about 5 days. 
he time distribution of the sixty bursts is 
shown in Fig. 3, from which it will be seen that 
approximately 50 per cent of the bursts were 
followed by a second slow drift burst within 
this period 

We now consider the relation of the slow 
drift radio bursts to well defined magnetic 
storms”, in contrast to their general associa- 


tion with the planetary geomagnetic indices 


SOLAR RADIO BURSTS WITH 


AURORAL STREAMS 


For this purpose we have defined a magnetic 
storm as a disturbance in which the mean Kp 
is greater than or equal to five for a period of 
not less than 12 hr. This is a rigorous defini- 
tion which excludes all minor magnetic 
disturbances; on the other hand, it includes 98 
per cent of periods when auroral radio echoes 
were recorded at the Jodrell Bank Experimental 
Station, England. Under this criterion 45 per 
cent of all slow drift bursts were followed by 
geomagnetic storms. If we adopt a slightly 


Slow drift burst followed by magnetic storm 


y_ Slow drift burst not followed by o magnetic storm 


Fig. 3. 
during 1956, October 1 to 1958, 


of the synodic rotation of the sun. 


Distribution of slow drift bursts recorded at Fort Davis, 
September 30, plotted 


Texas, 
as a function 


Y denotes slow drift burst followed by geomagnetic storm. 
denotes slow drift burst not followed by geomagnetic storm. 
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different criterion for magnetic storms 
preceded by a “sudden 


activity 
commencement’ —we 


still find about 45 per cent of slow drift bursts 
associated with such storms, although in this 
case we have a slightly different set of bursts. 

We further note, from Fig. 3, that 80 per cent 
of the slow drift bursts associated with mag- 
netic storms occurred in the 3 month periods 
surrounding the equinoxes 


The reverse association, that of the magnetic 
storms with slow drift bursts, has also been 
investigated. During the 2 years 1956 October 
through 1958 September, sixty-one magnetic 
storms occurred. Of these, 60 per cent were 
preceded within 4 days by a slow drift burst 
recorded either at Fort Davis or Sydney, 
Australia. The combination of the Australian 
data with those from Fort Davis increases the 
mean daily period of spectral radio observa- 
tions for the days preceding each storm to 
14 hr. However, without complete radio data 
it is impossible to estimate how near to 100 per 
cent the true association lies. 


3. THE TIME DELAY BETWEEN SLOW DRIFT 
BURSTS AND THE ONSET OF MAGNETIC 
STORMS 

The cases of slow drift bursts associated with 
magnetic storms are listed in Table |, from 
which it is possible to investigate in more detail 
the time delay between the two phenomena 
Here the magnetic storms conform to the 
definition given in the previous section, and the 
onset of a storm is taken as the mid-point of the 
first 3 hr interval for which the value of Kp is 5 
or greater. A radio burst is considered to be 
associated with a storm only when the time 
delay between the burst and the storm does not 
exceed 4 days. The delay times listed in Table 
1 show a considerable spread, but tend to fall 
within two groups, 12-24 hr and 36-60 hr, 
which correspond to the two peaks in Fig. 3. 
The interpretation is complicated by the 
tendency of the bursts to recur within a period 
of a few days, so that in some cases a storm is 
associated with more than one burst. Further- 
more, the radio observing hours cover only 
50 per cent of each day, so that the data are 
incomplete. 
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The mean time delay between the slow drift 
bursts and magnetic storms listed in Table 1 is 
33 hr, and this must be considered the best 
single value which the present data yield. It 
should also be noted that the magnetic storms 
referred to in this paper occurred near sunspot 
maximum, and are not of the recurrent type 
associated with solar M-regions. 


4. ASSOCIATION OF SLOW DRIFT BURSTS 
WITH OTHER SOLAR PHENOMENA 

Seventy per cent of the slow drift bursts 
were preceded by a group of intense fast drift 
bursts.” It is therefore of interest to enquire 
whether the association of the fast drift bursts 
with the slow drift bursts bears any relation to 
subsequent geomagnetic acitvity. Investigation 
of this point shows that those slow drift bursts 
which have an associated fast drift group have 
the same association with Kp variations as 
those which do not. This is not unexpected, 
since the fast drift bursts themselves bear no 
relation to magnetic activity;®’ they occur in 
very large numbers, and 25 per cent are 
correlated with occurrence of all flares.“”’ 

Seven of the sixty slow drift bursts were 
followed within a period of 15 min by intense 
wide band continuum radiation, sometimes 
known as Type IV radiation.”’ This type of 
activity is one of the most spectacular of solar 
radio phenomena, often covering a band several 
hundred Mc/s wide, and lasting for periods of 
several hours. Of the seven slow drift bursts 
associated with continuum radiation, five were 
followed by magnetic storms. If we now 
examine all cases of continuum radiation with 
duration greater than 5 min, regardless of 
whether they were associated with slow drift 
bursts or not, we find 29 days during the 2 year 
period on which continuum radiation was 
observed. Seventeen of these instances were 
followed by magnetic storms, but in thirteen 
out of the seventeen cases slow drift bursts 
were also recorded at Fort Davis within the 
four days preceding the magnetic storm. This 
again suggests that the slow drift bursts are 
the predominating influence with regard to geo- 
magnetic activity. 
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Table 1. Time Delays between Slow Drift Bursts and Magnetic Storms 


Delay between 


Associated Start of magnetic storm: Radio slow drift burst 
Start of slow drift burst radio mid point of 3 hr range for auroral and magnetic 
bursts first K, > 5 echoes storm 


1957 Jan. 29 1330 U.T R 13°5 hr 
Feb. 12 1 54¢ Il Feb. 13 1030 R 18-5 
Feb. 21 2008 Feb. 23 1930 R 47°5 
Feb. 28 1017 Mar. 2 0130 R 49-() 
Anr 15 140! Apr. 17 1330 47°5 
Apr. 18 1630 R 74-5 
Apr. 17 1846 Apr. 18 1630 R 
Apr. 17. 2032 Apr. 18 1630 R 20°0 
Apr. 18 1304 il Apr. 18 1630 R 3°5 
Aug. 2 1438 Aug. 3 1630 
Aug. 3 1724 il Burst occurred during storm 
Aug 28 2022 Il Aug. 29 1930 23-0 
Aug. 31 1630 68-0 
Aug. 31 1630 18°5 
Sept. 2 0430 k 54:5 
Sent 23 0036 Sept. 4 1330 R 37-0 
Sept. 12 1516 1957 Sept. 13 0130 R 10-0 
Sept. 14 0730 
Sept. 12 2150 Sept. 13 0130 R 
Sept. 14 0730 
Sept. 20 9 2121 Il Sept. 21 1030 R 13-0 
Dec. 28 2230 It TV Dec. 31 0430 R 54:0 
Jan. 18 2257 il 1958 Jan. 20 2230 47°5 
Feb. 10 1911 Hl Feb. 11 0130 R 6°5 
Mar. 28 1837 Mar. 30 = 1330 43:0 
Mar. 29 1452 Hl Mar. 30 =1330 22°5 
Mar. 29 1630 Mar. 30 1330 71-0 
Apr. 2 1955 Ill IV Apr. 4 1930 R 47°5 
July 19 1907 Il July 21 1630 45°5 
Aug. 14 2158 il Aug. 17 0730 R $7°5 
Aug. 20 0046 iit Aug. 22 0130 R 48:5 
Sept. 2 2108 iil Sept. 3 1030 R 13-5 
Sept. 4 1330 R 40°5 


This table lists only those slow drift bursts which were followed by magnetic storms within a 
period of 4 days. A magnetic storm is defined as a period for which the mean K,, index is 
> 5 for not less than 12 hr. The second column in the table indicates whether the slow drift 
burst was accompanied by fast drift bursts (III) or continuum radiation (IV), and the fourth 
column whether auroral echoes (R) were recorded at Jodrell Bank during the magnetic storm. 


In cases where optical observations were magnetic storms tended to be associated with 
available, about 90 per cent of the slow drift flares of importance 2 and 3. Thus, the distri- 
bursts were associated with flares of impor- bution of magnetically effective bursts with 
tance =1,"" and the bursts followed by flares of importance | —, 1, 2 and 3, was 2, 4. 
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8 and 3, respectively, whereas the distribution 
of the magnetically non-effective bursts was 3, 
11. 4 and 1 

Examination of the commencement of the 
radio bursts relative to the start of the flares 
shows the radio bursts to be delayed by an 
average of 7 min. This holds for the mag- 
netically effective bursts as well as the 
magnetically non-effective bursts. A delay of 
7 min, it will be remarked, is approximately the 
time taken by a disturbance travelling at 
1000 km/sec to reach the coronal radio emit- 
ting levels, if it traverses the chromospheric 
optical levels at the starting time of the flare. 

Examination of the commencement of the 
radio bursts relative to the maximum phase of 
the flare shows that, for the twenty-four cases 
where adequate optical data were available, the 
onset of the burst preceded the flare maximum 
in eleven cases, of which seven were followed 
by geomagnetic storms. For the thirteen bursts 
succeeding flare maximum, four were followed 
by geomagnetic storms. However, it must be 


noted that there is often a wide discrepancy in 
the estimates of optical observers for the time 


South 


Fig. 4 


associated with slow drift bursts: 
© not followed by geo- 


by geomagnetic storm ; 
magnetic storm. 
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compared with that of Dodson and Hedeman‘” 
who studied the association of solar flares and 
radio bursts with magnetic activity. Their 
analysis covered the period 1949 January—1956 
April, and the radio bursts were recorded on 
single frequency equipments. They found that 
solar flares preceded by “major early bursts” 
were followed in most cases by an increase in 
geomagnetic activity approximately 2:5 days 
later. It is not certain to what spectral 
classification the “major early bursts” belong. 
However, intense bursts with the time duration 
of a few minutes, as they are described to be, 
must almost certainly be slow drift bursts or 
intense groups of fast drift bursts. The results 
of the present analysis show that, as regards 
geomagnetic activity, it is the slow drift bursts 
which are of importance. 

Examination of the distribution across the 
solar disk of the flares associated with slow 
drift bursts shows that those flares with radio 
bursts followed by magnetic storms were 
nearly uniformly distributed in heliographic 
longitude; the flares and radio bursts not 
followed by magnetic storms were also 


40° 


The heliographic distribution of flares 


@ followed 


The correlation of the bursts and flares is in time 


only; radio position 
available. 


of flare maximum. As slow drift bursts tend to 
cluster about flare maximum within a period 
of +5 min, it is often difficult, therefore, to be 
certain whether the radio burst preceded or 
succeeded the maximum. This result may be 


measurements 


are not 


uniformly distributed across the disk. The 
heliographic distribution of the thirty-six flares 
which were unambiguously associated in time 
with the occurrence of slow drift bursts is 
shown in Fig. 4. 
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5. DISCUSSION 


From the evidence reviewed above, we 
conclude that slow drift (Type 1) bursts result 
from the emission of the auroral corpuscular 
streams from the sun or from an 
Shock front, and that they are causally associa- 
ted with the occurrence, approximately 30 hr 
later, of terrestrial magnetic and 
displays of the aurora. It does not necessarily 
follow that the radio bursts are associated only 
with the first front of the stream, as there is a 
tendency for more than one slow drift burst to 
precede a given magnetic storm. The \ elocity 
of the primary disturbing agent which causes 
the bursts is of the order of 1000 km/sec, and 
this is in good accord with the mean time 
delay of 33 hr the bursts and the 
terrestrial disturbances 

Only 45 per cent of slow drift bursts are 
followed by magnetic storms. We must 
therefore enquire whether there are any radio 
the drift 
unusual optical characteristics of the associated 
visible phenomena, which would give us an 
indication as to the reason why only 45 per 
cent of the bursts are followed by geomagnetic 
disturbances. One might anticipate that an 
examination of the slopes of the slow drift 
bursts would resolve this problem, a low slope 
indicating that the outward travelling disturb- 
ance may not have sufficient energy to escape 
from the solar atmosphere. However, this 
investigation yields no conclusive result: the 
slope of individual bursts is often indeterminate 
within a factor of two, and in 85 per cent of 


associated 


storms 


between 


characteristics of slow bursts, or 


cases best estimates lie within the range 
10-40 Mc/s per min (at a frequency of 
125 Mc/s). Further evidence on this point 


may become available when sweep frequency 
observations are extended to the lowest possible 
frequencies. The observing band 100-580 Mc/s 
corresponds to radio signals emitted from the 
height range approximately 500-50000 km 
in the solar atmosphere, and therefore yields no 
information about deceleration of an outward 
moving disturbance as it traverses the outer 
corona 
It has that the 


been shown 


presence or 
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absence of fast drift bursts in association with 
the slow drift bursts is immaterial. It has also 
been shown that the occurrence of continuum 
(Type IV) radiation is also apparently not an 
essential controlling factor, since it accompanies 
only 12 per cent of drift bursts. The 
latter, however, are nearly always magnetically 
effective 

In examining the optical evidence, we have 
noted that the drift bursts which 
magnetically effective tend to be associated 
with flares of high importance. A number of 
these flares are accompanied by 
prominences, as indicated by accompanying 
sprays, surges and the sudden disappearance of 
filaments. But the available data are insuffi- 
cient to permit any useful statistical comment 
on the existence of optical criteria which 
immediately and conclusively determine the 
geomagnetic importance of slow drift bursts 
Comparison of the time of occurrence of slow 
drift bursts with the start and maximum phases 
of the associated flares gives no additional 
information 

[he long search for substantive evidence 
concerning the existence and nature of the so 
called auroral corpuscular streams has as yet 
yielded few direct results. Spectral radio ob- 
servations, which monitor the radio emissions 
from the outer regions of the solar atmosphere 
however, provide strong supporting evi- 
dence for the outward passage of such streams 
from the sun. 


slow 


slow are 


ejective 


do, 
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The photolysis of nitrous oxide has been studied in a 
A and krypton resonance radiation 
The average quantum yields with regard to decomposed nitrous oxide, 


1959) 


flow system using xenon 


at 1236 and 1165 A. 
nitrogen and higher 
longer wave lengths 
The ratio of the 


A radiation quantum 


yield with respect to oxygen and nitrogen was found to be lower in the experiments with the 


resonance radiation of xenon than in the experiments with the resonance 


radiation of krypton. 


From the data obtained, it can be assumed that at the xenon resonance radiation the initial 
absorption of a light quantum leads to the production of nitrogen molecules and oxygen atoms. 
At the shorter wave lengths, the initial absorption act probably proceeds in a dual manner 


It is supposed that both the splitting of nitrous oxide into nitrogen molecules and oxygen atoms 


1. INTRODUCTION 

The photolysis of nitrous oxide has been in- 
vestigated by several authors from different 
points of view. investigations of 
Macdonald’, Noyes®’, and Briner and 
Karbassi*’ were carried out in the near ultra- 
violet. Macdonald extended the investigations 
of Berthelot and Gaudechon™ as well as of 
Regener and Warburg’. In his experiments, 
the first measurements of the quantum yield of 
the photolysis of nitrous oxide were carried out. 
Noyes intended to determine the nature of the 
primary reaction which follows the absorption 
of a light quantum. Briner and Karbassi 
investigated the photochemical decomposition 
of nitrous oxide in the pressure interval between 
5 and 40 atm. 

As Adel has shown, nitrous oxide is a minor 
constituent of the earth’s atmosphere and 
since nitrous oxide certainly plays a réle in the 
photochemical equilibrium of the earth’s atmo- 
sphere’, its photodecomposition in the far 


ultraviolet light is of interest in aeronomy. 

The photolysis of nitrous oxide at 1470 as 
well as 1236 A (and 1165 A) has been studied 
by Zelikoff and Aschenbrand”. 


In the experi- 


and into nitrogen atoms and nitric oxide occurs at this radiation 


333 


ments carried out with the longer wavelengths 
these authors used a lamp of the type described 
by Dacey and Hodgins”. The body of this 
lamp consisted of a quartz tube of extremely 
thin walls and the xenon resonance line at 1470 
A was supposed to penetrate this quartz wall 
In contrast to this assumption, an investigation 
of the transparency of several sorts of quartz 
glass in the spectral range between 1470 and 
1750 A“ has shown that quartz glass is prac- 
tically non-transparent for the 1470 A radiation 
and that quartz tubes of 0-05 to 0-1 mm wall 
thickness are useful as lamp bodies at wave 
lengths greater than 1550 A. This conclusion 
has recently been verified in this laboratory by 
the investigation of the transmission of fused 
silica of extreme thinness 

For this reason it seemed possible that the 
dissociation of nitrous oxide investigated by 
Zelikoff and Aschenbrand was not due to the 
1470 A radiation but to the relatively intensive 
lines at about 1550 and 1650 A which were 
observed in our experiments with a low voltage 
xenon lamp” and which were caused by im- 
purities present in the gas filling of the lamp. 
Therefore it was intended to reproduce the 
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experiments of Zelikoff and Aschenbrand by 
which emitted 
resonance 


means of a radiation source 
practically exclusively the xenon 
It was also intended to extend the in- 
vestigations to a larger pressure interval. The 
f Zelikoff and Aschenbrand with 
the xenon resonance lines were carried out in 
the pressure range between 1:7 mm He and 
5-6 mm He: their experiments at 1236 and 1165 


lines 


experiments 


A (krypton resonance lines) were carried out 


In the present 
1) 


between 127 and 49-5 mm Hg 
the pressure interval between 
In contrast 


experiments 
ind 670 mm He was investigated 
to the previous investigations in a static system 


wr experiments were carried out in a flow 
system 
2. EXPERIMENTAL TECHNIQUE AND 


ANALYTICAL PROCEDURES 
is tank gas for 
| erke 


medical 
Lever 


ihe nitrous oxide wv 


purposes manufactured by Baye 


kusen. The gas was purified by adsorption on 
silica gel and subsequent desorption 
The experiments were carried out in the 


apparatus shown in Fig. |! 

The photolysis of N.O occurred in the reac- 
tion cell R which was situated in front of the 
lithium fluoride window of a voltage 
lamp The 1470 and 1295 A radiation was 
produced by the xenon resonance lines whereas 
the 1236 and 1165 A radiation was due to the 
krypton resonance lines. The application of a 
magnetic field of several 1000 G to the part of 
the lamp before the LiF window caused a 
three-to-fourfold increase of the quantum 
efficiency. The intensity of the lines at about 
1550 and 1650 A due to impurities was essen- 
tially reduced by this magnetic field as is shown 
by Fig 

The quantum efficiency of the lamp was 
determined from the amount of ozone formed 
when rapidly flowing oxygen passed the win- 
dow of the lamp 
the experiments nitrous oxide 
trap / Its pressure 
by a temperature bath and was con- 
a quartz spiral gauge M@ 


low 


During was 


stored im vapour was 
regulated 


trolled by 


After having passed the capillary §S serving 
the irradiated gas mixture 


as a flow resistance 
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was collected in trap F, which was cooled with 
liquid air 

Nitrogen and oxygen formed the 
experiments were pumped off from the gas 
mixture cooled to 56°K, collected in a Toepler 
pump and pumped into a manometer system 
of known volume. The amount of the non- 
condensable gases was determined volumetri- 


during 


cally 
Condensable gases were frozen out 


at 56°K 


in F, and distilled into a bulb of known volume 
connected with a quartz gauge The total 
amount of the condensable gases was 


determined volumetrically 

Mercury was kept from the high vacuum line 
and all parts of the apparatus in contact with 
yxxide or with gas mixtures containing 
air traps 


nitrous 
higher oxides of nitrogen by liquid 

Ground joints and stopeocks which were in 
contact with higher oxides of nitrogen were 
greased with fluorinated grease 

The ratio of nitrogen and oxygen was deter- 
mined mass-spectrometrically. The determina- 
tion of very small concentrations of nitric oxide 
and nitrogen dioxide in a gas mixture consist- 
ing mainly of nitrous oxide was not possible by 
mass spectrometer 


CH4). In very 


means of a conventional 
(Atlas-Werke, Bremen, type 
measurements which had a more 
qualitative character a field emission mass 
spectrometer used. Experiments were 
carried out to investigate the possibility of 
analysing gas mixtures containing nitrous oxide, 
nitric oxide and nitrogen dioxide by gas chro- 


rough 


was 


matographic methods 

The determination of the ratio of nitrous 
oxide and the sum of nitrogen dioxide and 
nitric oxide is possible, but no column and no 
combination of columns could be found by 
which a separation of all three gases was ob- 
tained. The gas fractions due to nitric oxide 
and nitrogen dioxide appeared at the same place 
of the chromatogram. Experiments to separate 
N.O, NO and NO, by a molecular sieve (Linde 
Air Products Comp., type +13) showed that NO 
could penetrate, while N.O and NO, are 
absorbed in the column. However, mixtures of 
N.O and NO with small NO concentrations 
were quantitatively absorbed in this column 
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In the finally adopted analytical procedure, 
the separation of nitrous oxide on the one hand 
and nitrogen dioxide and nitric oxide on the 
other hand was carried out with an aluminium 
oxide column containing 3 per cent water. It 
was found by Greene and Pust"'" that nitrogen 
dioxide reacts with water absorbed on a mole- 
cular sieve quantitatively according to 


2 NO, +H,.O-HNO, +HNO 


3HNO HNO, +H.O+2 NO. 


It can be assumed that similar conditions 
existed in the aluminium oxide column 

The calculation of the quantities of NO, and 
NO formed in the photolysis of nitrous oxide 
was performed by the combination of these 
measurements with the equation which is 
derived from the material balance of the 
decomposition of N.O: 


N. 
2N, N (1) 


The quantity of nitrogen and oxygen 
determined mass-spectrometrically By 
chromatographic methods the ratio of higher 


was 


gas 


Table 1 


Pressure in Velocity of 
the reaction 
gas flow 
cell 


(mm Hg) (ml/min) 
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oxides of nitrogen and nitrous oxide was deter- 
mined and the total amount of condensable 
gases was known from volumetric measure- 
ments 


3. EXPERIMENTAL RESULTS 

he results of the photochemical decomposi- 
tion of nitrous oxide by the resonance 
wavelength radiation of xenon at 1470 and 1295 
A are given in Table |. These experiments 
were carried out in a pressure interval between 
20 mm Hg and 670 mm Hg at flow velocities 
between 16 and 740 ml/min. At higher pres- 
sures and at high flow velocities, the total 
throughput of N.O amounted up to 20 1. NTP 
In these cases the concentration of the reaction 
products was extremely low and a direct analy- 
sis of the higher oxides of nitrogen was not 
possible 

In these experiments, the mixtures of 
nitrogen, oxygen and higher oxides of nitrogen 
were collected at liquid air temperature. Since 
nitric oxide reacts at this temperature with 
molecular oxygen to form nitrogen dioxide” 
it was assumed that in the gas mixtures, the 
higher oxides of nitrogen consisted mainly of 
nitrogen dioxide and that nitric oxide was 
present only in negligible amounts. On this 


Experimental Results Using Renon Resonance Radiation at 1470 and 1295 A 


Quantum vields 


xO, 


(calc.) 


0-95 
0-56 
(87 
(79 
0-80 
0-72 
0-89 
0-55 
0-60 
0-63 


0-092 
0-181 
0-078 
0-089 
0-100 
0-120 
0-105 
0-153 
0-126 


0-74 
+0-05 


O11 


650 5] 1:74 0:16 2°22 

670 45 1-38 0-25 1-66 

494 261 1°54 012 1:98 

S11 250 1°34 0-08 1:73 

361 740 1°50 O15 1-90 

307 400 1:37 0-14 1-73 

650 16 1-48 0-15 1:92 

660 23 118 0-18 1-45 

20-2 28 1-14 0-12 1-44 
27°5 23 1:27 016 1:58 
Averages 1-40 O15 1°76 

+ 0-06 +0-08 


facing p. 33% 


2 oo @ 
« 
>— 16504 
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assumption the quantum yield with regard to should therefore be markedly smaller than the 
nitrogen dioxide and with regard to nitrous values given by Zelikoff and Aschenbrand. As 
oxide can be calculated from the quantum is shown in Table | the average quantum yield 


yields with regard to nitrogen and oxygen by with respect to oxygen was 0-15, the value 

the following equation: given by Zelikoff and Aschenbrand is 0:50. The 

experiments carried out with the krypton reso- 

t x, + 1/2¢x0,=2¢0,+2¢x0 (2) mance radiation (1236 and 1165 A) are 
summarized in Table 2. 

lhe values shown in column 6 and 7 of Tables A direct comparison of these values with the 

! and 2 were calculated in this manner. measurements of Zelikoff and Aschenbrand is 


[he quantum yields with respect to nitrous not possible since these authors gave no 


Present results Zelikoff and Aschenbrand 


1:76 (+008) 1°70 (+0°07) 


1:40 (+0-06) 1:44 (+011) 
0:74 (+0-05) 0-67 


(experiments in the pressure range between 
4-6 and 5°6 mm Hg) 


xide, nitrogen and higher oxides of nitrogen quantum yields but reported the ratios of 
ire very similar to the values published by nitrous oxide decomposed with respect to the 
Zelikoff and Aschenbrand (see above table) dissociation products. The average ratio with 

In the experiments of Zelikoff and Aschen- respect to nitrogen formed, which was 
brand the higher oxides of nitrogen consisted compares fairly well with our value of 


nly of nitric oxide. The gas mixtures finally This correspondence was less precise for the 


resulting from our experiments contained ratio with respect to the higher oxides of 
mainly higher oxides of nitrogen in the form of nitrogen. From the work of Zelikoff and 
nitrogen dioxide. The quantum yields with Aschenbrand an average value of 2-35 was ob- 
respect to oxygen found in our experiments tained, whereas in this investigation a ratio of 


Table 2. Experimental Results Using Krypton Resonance Radiation at 1236 and 1165 A 


Velocity of Quantum yields 


Pressure in 


the reaction 


y 
cell gas flow 0, NO, 


(mm He) (ml/min) 


49 34 1:18 0:20 0-170 0:52 1°44 
1! 56 1:29 0:20 0-155 0-59 1-58 
23 50 1°35 0-23 0-170 0-59 1-68 
24 50 1-09 0-18 0-165 0:49 1-3 

23 sO 1:04 0-12 O-115 0°53 1-30 
41 35 1:19 0-19 0-160 0-55 1:46 
20 29 1:18 0-21 0-178 0°51 1:44 
20 29 1-14 0-19 0: 167 0-51 1:40 
42 26 1:21 0:28 0-229 0:43 1:42 


Averages 1:18 0°20 0°167 0°52 1°45 


higher xides f nit ger 
le 
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2:8 was found. However, the values from the The analysis of a gas mixture resulting from 
individual measurements of Zelikoff and _ the irradiation of nitrous oxide by the krypton 
Aschenbrand vary between 1°75 and 3-88 so resonance radiation was carried out by a field 
that our values lie well within their range of emission mass spectrometer. In the condens- 
variation able gas only nitrogen dioxide was found; a 


Further experiments at low pressures were detection of nitric oxide in this gas mixture 


carried out, allowing the direct determination was not possible by this method. Experiments 
of the higher oxides of nitrogen analysed by gas chromatographic and mass- 


Table 3 


Experimental Results 
Mass Spectrometric (MSA) and Gas Chromatographic Analysis (GCA) 


deter mined by 
MSA 


73 1-27 0-1¢ 061 (13 () 48 
99 1-18 () 48 18 (41 
99 1:14 1-19 () 41 


he nitrous oxide pressures were high enough spectrometric methods are summarised 


to ensure that at least 99 per cent of the radia- Table 3 

tion emitted was absorbed in a layer of | cm The average values from the experiments . 
thickness. The total amount of gas irradiated summarised in the Tables !, 2 and 3 are given 
in these experiments varied from 70 to 100 ml in Table 4 
NTP: concentrations of higher oxides of As Table 4 indicates, the photolysis of nitrous 

nitrogen produced by photolysis varied from oxide follows two different reaction paths for 

5 to | per cent each of the two radiation regions 


The experiments did not permit any conclu- 

Table 4. sion whether the nitrogen dioxide found in the 

Average Results Obtained from the Photolysis og. mixtures was the product of a secondary 
of Nitrous Oxide with the Resonance Radia- 

tions of Xenon and Krypton 


process occurring at the temperature of liquid 

air or whether the formation of nitrogen dioxide 

1470 (1295) A 1236 (1165) A followed the primary process of the photo- 
On 0-17 chemical dissociation of nitrous oxide 


In two experiments carried out with the 1236 


(49 0-41 
and 1165 A radiation the freezing out of the 
reaction products was avoided. The irradiated 
1-40 118 gas was collected in a 30 |. volume at room 
$0. 0-15 0:20 temperature. The analysis of these gas mixtures 
on 0-68 0-48 was carried out by a_ field-emission mass 
spectrometer. 
xo 0-11 0-0 


. The data of these experiments are given in 
‘ lh an Table 5. In both experiments, the intensity of 


4 
<4 
19 
\) (mm Hg (ml/min GCA 
147% 1970<¢) 
$70 (129 
1470) (17905 29.4 
d Z 
4 (11464) 1-0 
1236 (1168 
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Table 5. Experimental Data and Results of two Experiments Evaluated by a Field 
Emission Mass Spectrometer (Irradiated Gases were kept at Room Temperature) 


Calibration spectra of N,O, NO and mixtures of N,O with NO, and N,0 with NO 


Intensities and intensity ratios of the peaks (in arbitrary units ) 


N,O NO + NG, + NO N.0 + NO 
2 2 2 2 
12.43: 1 64.7: 7 116 
~ > S40 > = 2o 
2 2 iss 2S imass spectrum afierl pectrum afterfi- Mass spectrum after 
is | cs o¢ umination of © jelmination of the limmination of tne N 


Background: Mass 47:13, Mass 30 36, Mass 31s 3 


Data and results of the experiments 


9 
Quanta emitted 58x10 Quanta emitted 54 x10" 


P Hg) 


50| 50 
40 
—s 
30 
20 duration of experiment 20|_ __ duration of experiment 
) 100 200 (min) 6 100 200 min) 


Total quantity of gas irradiated: 556 mi niP Total quantity of gas irradiated: 557 mi nTP 


Average flow velocity 55 mi /min Average flow velocity 56 mi / min 


Mass spectrum of the gas irradiated § Mass spectrum of the gas irradiated 


Tota Intensity after elimination Total intensity after ¢limination 
intensity intensity 
measured | of the N20 spectrum Mass | Measured 


of the N20 spectrum 


Mass 


24 000 45 30 000 
155 


49 47 186 44 


329 


102 30 312 96 


Intensity ratio of the masses 30 and 47 in the resulting mass spectrum after elimination of the 
N20 Spectrum 
22 


| 
45 24 000 23000 15000 
50000 
170 1000498 
6? sss 2400]2284 608 6 
6010007 
2 160000 $000 2420 4@ 1500171450 4 72 000171 $00 41 
272 0047 
2 
its) wn J ts) arbitrary units ) 
30 
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the peak corresponding to mass 47* exceeded 
clearly the isotopic intensity due to the 
14. 18,1_,7-ion and it can be assumed that 


this surplus intensity was due to the NO.H*-ion 
This assumption was substantiated by the fact 
that no surplus intensity could be tested when 
the same gas mixture was analysed in the 
presence of mercury vapour 

In order to ensure that nitrogen dioxide 
found in these gas mixtures was not a secondary 
product, formed by oxidation of nitric oxide by 
molecular oxygen, the decrease of the oxygen 
concentration was observed in mixtures of nitric 
oxide and oxygen at partial pressures as low as 
5S mm Hg and argon at a pressure of about 
20 mm Hg 

As was shown by these experiments, the 
rate of the oxidation of nitric oxide 
with molecular oxygen at low partial pressures 


reaction 


of nitric oxide and oxygen and in the presence 
of relatively high concentrations of an inert gas 
. After a re f & h about 
per cent of the oxygen initially present had 
reacted 


w Very cll time 


3 


4. DISCUSSION 
The results may be summarized as follows: 
(1) When flowing nitrous 
1470 and 


xide was photo- 


1295 A radiation and 


ly sed by 


by field hae ch ¢ + feram le 
with even numbers of electrons such as H_O. N \ 
nd CO, almost exclusively the ions H.O+, N_H 
\H* and CO.H* appear in the mass spectrum of 
the field mission mass spectrometer provided , 
proton-donating bstance is p +t 

In t nity of the extremely strong electrical 
field present in the neighbourhood of the 


ionizing 


mall. unavoidab!l 


traces of water cause 


of the following sort 


A\+H.O=AH 


In the mass spectrum of molecules with odd num- 
NO both the hydride ions 


In the 


OH+e 
bers of electrons such as 
ippear 


mass 30 was predominant 


ind the parent ions 
the ion NO 


case of nitric oxide 
in the 


with 


case of NO_ both the NO ion with mass 46 and the 
NO.H*-ion with mass 47 were present with compar- 
ible intensities. The peak due to the latter ions was 


used exclusively for the mass spectroscopic determina 
tion of NO 
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also by 1236 and 1165 A radiation, the 
decomposition products were oxygen, 
nitrogen, nitrogen dioxide and nitric oxide. 

(2) When nitrous oxide was photolysed by the 
xenon resonance radiation (1470 and 1295 
A) a quantum yield of 1-8 with regard to 
nitrous oxide obtained. When the 
krypton resonance radiation (1236 and 
1165 A) was used, a quantum yield of 1-46 
was found 

(3) The ratio of the quantum yield of oxygen 
to the quantum yield of nitrogen in the 
experiments with the 1470 and 1295 A 
radiation was 0-11, with the 1236 and 1165 
A radiation this ratio was 0°17 

In the photochemical decomposition of 
nitrous oxide the possible primary reactions are 
given by equations (1) and (2): 


was 


N.O+hv=N.,+0 (1) 


N.0O+ hy =NO+N (2) 


Since the observed quantum yield with regard 
to N.O was greater than unity, the products of 
the primary reaction must react with nitrous 
oxide. Such reactive products are oxygen atoms 
which are formed by reaction (1). These oxy- 
gen atoms can react with nitrous oxide: 


O+N.O 


2NO (3) 
N,+0O (4) 


O+N,0 


Although the work of Noyes’ as well as of 
Kistiakowsky and Volpi''® has shown that oxy- 
gen atoms in the ground state do not react with 
nitrous oxide at a detectable rate, it must be 
concluded from the experiments of Friedman 
and Bizeleisen that a reaction of oxygen 
atoms in an electronically excited state ('S) or 
of high kinetic energy with nitrous oxide is 
possible. A reaction of nitrogen atoms with 
nitrous oxide was not observed by Kistiakowsky 
and Volpi’ and by Kaufman and Kelso''” 

It can be assumed that the nitrogen dioxide 
observed in the photolysis of nitrous oxide in 
a flow system has been formed by reaction (5): 


NO+0+M=NO.4M (5) 


The rate of the oxidation of nitric oxide by 
molecular oxygen at low partial pressures of 


> 
apy 
i 
* An investigation the nronertice jane farm 
tungste 
reactions 
hes 


nitric oxide and oxygen in the presence of 
relatively high concentrations of a third non- 
reacting gas is very slow. The amount of NO, 
formed in this way in the time between the 
photolytical experiment and the analysis of the 
sample would have been small and not detect- 
able by our analytical methods. 

[he nitrogen dioxide formed by reaction (5) 
was removed from the reaction region fast 
enough so that its subsequent destruction by 
oxygen atoms through the reaction 
NO, +O 


NO+0 (6) 


can have taken place only to a small extent. 


In accordance with our observations that 
NO, was formed in the photolysis of N.O, 
Kaufmann, Gerri and Bowman have demon- 
strated the presence of NO, as an intermediate 
product in the thermal decomposition of N,O 
by the observation of chemiluminescence. The 
quantum yield with respect to nitrous oxide in 


the experiments with the 1236 and 1165 A 
radiation was found to be smaller than in 
‘xperiments with longer wavelengths. In the 


irst case a relatively smaller number of ener- 
relic OXygen atoms was formed than in the 
case 
[hat means, in the photolysis with the 1236 
ind 1160 A_ radiation, reaction (2) has a 
irkedly more important role than in the 
photolysis with the 1470 and 1295 A radiation. 
Nitrogen atoms produced by reaction (2) 
t with NO according to reaction (7)"* 


N+NO=N,+0 (7) 


This causes a decrease of the 
quantum yield with respect to higher oxides of 
Therefore the photochemical decom- 


pi ocess 


nitr wen 


position of N.O by 1470 and 1295 A radiation 
be explained by the following reaction 
heme 


may 


NO + hy N,+O (1) 
O+N.0 2NO (3) 
O+N.O N, +0, (4) 
NO+O0+M=NO,+M (5) 
NO, +O NO+0, (6) 
=O,4+M (8) 
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Reactions (2) and (7) could not be excluded, 
however, the experiments show that they are 
not of great importance in this case. In the 
case of photolysis of N.O with 1235 and 1165 
A radiation these reaction must be included: 


N.O + hy (1) 
N.O +h» NO+N (2) 
O+N,O 2NO (3) 
O+N.O N, +0. (4) 


N+NO N.+0O 


NO+0+M=NO,+M (5) 
NO, +O NO+O (6) 
O0+O+M =O,4M (8) 
N+N+M =N,+M (9) 


rhe primary steps of these reaction mechan- 
isms are identical with those given by Zelikoff 
and Aschenbrand. There is a possibility that 
ozone may have been formed and may have 
participated in the oxidation reactions. 
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Abstract—The total ionizing component of cosmic radiation w measured up to an altitude of 
p 


1550 kn An upper bound to the ratio of average-t ninimum specific ionization was 


determined by comparing the ionization with the count-rate observations from the Explorer I 


satellite. This result implied that protons are the predominant species which gave rise to the 


observed ionization 


Pioneer If was launched from Cape _ scopically pure argon to a pressure of 13-6 atm 
Canaveral, Florida, on November 7, 1958, and The volume of the chamber was 43 cm* and 
attained a maximum altitude of 1550 km. The the areal density of the cylindrical walls was 
payload contained an ionization chamber to 400 mg/cm*. The ends of the cylinder were 


measure the total ionizing component of cosmic _ slightly thicker in order to attain the necessary 
radiation flux lon chamber data were structural strength. The areal density of the 
received during the first half hour of flight. The ends was 1200 mg/cm The shell of the 
measured radiation levels are plotted versus vehicle accounted for another 50 mg/cm’ of 
altitude (see Fig: 1). The declination and longi- shielding so that the minimum areal density 
tude of the vehicle’s position are given for each traversed by a particle before reaching the sen- 
data point. Reportedly, the level of solar sitive volume of the chamber was 450 mg/cm 

activity was low during the flight and unusual The solid angle subtended by the 1200 mg/cm 


magnetic and corpuscular disturbances were ends of the cylinder was | steradian. An 
absent. However, solar activity was moderate additional amount of shielding due to the pre- 
a few days prior to the flight sence of a miscellany of electronic components, 


The ionization chamber consisted of an_ structure, and a retrorocket accounted for a 
aluminium-walled vessel, filled with spectro- solid angle of 15 steradians. For this solid 


stance from the surfoce the earth «rr 


Fig. 1 Pioneer Il. lonizing radiation versus altitude including 


longitude and north latitude 
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angle the shielding corresponded to an average 
areal density of 20 gm/cm’. 

The electronics was basically a design utilized 
for the Csl scintillation count-rate meter in 
Explorer I\ A d.c. electrometer amplifier, 
with a range of 1000 r/hr, drove a subcarrier 
oscillator which, in turn, modulated the trans- 
mitter. Since the circuit was temperature 
dependent, in-flight calibration was provided by 
the substitution of a known voltage for the 
ionization chamber output. The duty cycle 
consisted of 180 sec of ionization chamber data 
followed by 20 sec of calibration voltage. With 
this calibration voltage on the input, the sub- 
carrier frequency varied with the temperature 
of the circuit. Thus, by measuring the 
subcarrier frequency of the calibration signal, 
the effective temperature of the circuit could be 
determined 

Calibration of the ion chamber, itself, was 
accomplished by utilizing a Co*’ source located 
at the Radiology Department of the UCLA 
Medical Center. Several sources of error were 
considered in determining the range of error to 
be assigned to each data point. Some of these 
sources lay in the drift and nonlinearity of the 
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subcarrier oscillator in the vehicle, the demodu- 
lating equipment on the ground and the 
recording apparatus. The asymmetry of the 
error flags is due to the fact that the output 
was, approximately, a logarithmic function of 
the radiation level. This relationship was used 
so that the instrument would have a compara- 
tively large dynamic range. 

The significance of the information on 
ionizing radiation which was gathered during 
the brief life of Pioneer II lies in the fact that it 
clearly indicates an increase of such radiation 
with decreasing north latitude. At the apogee 
of the orbit, in the altitude range of 1500 to 
1550 km, the vehicle traversed 7° of latitude. 
Thus for an essentially constant altitude, the 
variation of ionization with latitude was obser- 
ved. Fig. 2 shows the variation of ionization 
with latitude when the chamber was located at 
1525 +25 km, altitude 

Further, it is possible to obtain a bound for 
the average specific ionization of the observed 
radiation at this altitude by combining the 
results of this experiment with those of other 
satellites. Such correlations generally involve 
special consideration relating to the possibility 


ig. 2. Pioneer Il. loniziation versus latitude at an altitude of 1525 + 25km. 
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of temporal variation of the intensity in the 
interval between the two measurements, differ- 
ences in the positions of the two experiments 
and differences in the shielding of the detectors. 
Che earth satellite, Explorer IV, was well suited 
for such a ¢ srrelation because it was in orbit 
at the same time that ionization data was 
rathered, and it traversed the same region of 
space as Pioneer Il. A partial summary of 
the data gathered by instruments on the 
Explorer IV satellite has been presented by van 
Allen The counting rates from two Geiger 
tubes were used to determine the contours of 
equal counting rates. One tube was shielded 
by a minimum of 1:2 gm/cm? for certain direc- 
tions and a maximum of 5-0 gm/cm? for other 
directions. The counting rate reported for this 
tube at an altitude of 1550 km, 20° N geomag- 
netic latitude, and 80° W geographic longitude 
was 1200 count/sec.* 

In using these data for a determination of 
average specific ionization, differences in the 
positions of the two vehicles were considered. 
At the altitude of 1550 km, the coordinates of 
Pioneer differed from the Explorer in longitude 
only, and consideration of the trapping mechan- 
ism indicates that the counting rates are almost 
independent of geomagnetic longitudes but are 
strongly dependent on geomagnetic latitudes. 
Thus, it was expected that 1200 c/s would be 
the count rate reported in the Explorer satellite 

when its position was the same as the position 
f Pioneer. Verification of this expectation was 
obtained by a cursory check of some of the un- 
reduced tapes of Explorer IV. This check 
evealed that the count rate was between 1000 
and 2000 counts/sect and further substantiates 
the fact that the counting rates are strongly 
dependent on geometric latitudes alone. 

[he minimum shielding around the ioniza- 
tion chamber 450 mg/cm*. Since the 
minimum shielding around the Geiger tube was 
1-2 gm/cm*, it was possible for low-energy 
particles to penetrate the ionization chamber 
without triggering the Geiger tube. This led to 


was 


* Geomagnetic coordinates were determined from 


the 1955 Dip Equator, U.S. Navy Hydrographic Office, 
+ 


E. Mcllwain, verbal communication. 
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an upper bound of 5 for the ratio of average-to- 
minimum specific ionization. 

In order to arrive at this value, the average 
specific ionization « was determined by use of 


o=I/J,* where J, is the total number of 
particles crossing a sphere of unit cross 
sectional area, and / is the ionization within 


the sphere. 

[he upper bound of ¢ occurred for the 
maximum value of / and the minimum value of 
J,. These variables would become extreme 
values if all the radiation was sufficiently hard 
to penetrate 5 gm/cm?* shielding, but not hard 
enough to penetrate 20 gm/cm® shielding. In 
this case, the omnidirectional geometrical factor 
was 0-705 cm* and, assuming an efficiency of 
85 per cent for detection of the radiation, the 
omnidirectional intensity” 


J, = 1200/0-85 x 0-705 = 2000 c/s. 
Maximum value of / was obtained by observ- 
ing that 12 per cent of 4= solid angle was com- 
pletely shielded from radiation. Increasing the 
maximum value of J by 12 per cent yields 1-45 


r/hr. Thus, 
/ , 145 


It is interesting to note that this value of 
specific ionization implies that 8 (the ratio of 
the velocity of the particles to the velocity of 
light) of the particles responsible for the ioniza- 
tion is approximately 0°45. Such a low value 
for 8 excludes the singly-charged small-mass 
particles as the predominant species which gave 
rise to the observed ionization, because these 
particles would not have sufficient energy to 
penetrate the walls of the ionization chamber 
at its minimal areal density. For example, an 
electron with a £ ratio of 0-45 has less than 80 
keV kinetic energy. Thus it is more likely that 


* This formula may be related to roentgen per hour 
by noting that 1 r/hr=5-8 10° ion pair/sec cm? air 
STP, and that for a sphere of unit cross sectional area 


(vol=0°77 cm*) r. Thus. 
6°86 x 10° r/J., where J, has units of count/cm? sec. 
and the minimum specific ionization in air. is 


taken as 65 ion pair/cm air STP. 


~ 4-97. 
2000 
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the more massive particles, probably protons 


120 MeV, are the 


with an average energy of 


predominant species which gave rise to the 


»bserved ionization 
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A. S. Jursa, Y. TANAKA and F. J. LeBLanc, Nitric Oxide and Molecular Oxygen 
in the Earth’s Upper Atmosphere, Planet. Space Sci —1, 161 (1959). 


The ‘P’ and ‘R’ designations for the rotational lines in the 5-O band of O, should 
be reversed throughout the text and in the figures: P (15) R (13) should read R (15) 
P (13), ete. 
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